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PREFACE 


This  conference  compilation  is  the  third  in  a  series  of  progress  reports  by 
the  Dynamics  and  Aeroelasticity  and  the  Structures  and  Materials  Working  Groups, 
which  are  two  of  the  seven  disciplinary  teams  organized  within  NASA  to  develop 
and  enlarge  the  technology  base  for  a  space  shuttle.  The  two  previous  major 
conferences  were  held  in  July  1970  at  the  Lewis  Research  Center  in  Cleveland, 
Ohio,  and  in  March  I97I  at  the  Langley  Research  Center  in  Hampton,  Virginia. 

The  1972  technology  conference  was  held  in  San  Antonio,  Texas,  in  conjunction 
with  the  AIAA/ASME/SAE  IJth  Structures,  Structixral  Dynamics  and  Materials 
Conference . 

We  are  now  a  little  over  2  years  into  the  planned  shuttle  technology  devel¬ 
opment  program  and  have  made  substantial  progress.  Because  of  the  time 
required  to  achieve  conclusive  results  in  a  program  consisting  of  many  long- 
lead-time  experimental  efforts,  however,  we  are  still  on  the  uphill  slope  in 
achieving  the  data  we  set  out  to  obtain.  About  50  percent  of  the  data  are  in 
hand,  and  progress  reports  on  most  of  the  critical  program  elements  were  pre¬ 
sented  at  the  conference.  A  major  exception  is  the  work  on  metallic  materials; 
an  extensive  report  was  made  at  a  SAMPE  conference  in  Huntsville,  Alabama,  in 
October  1971* 

Inasmuch  as  this  conference  fell  in  the  midst  of  the  time  period  in  which 
industry  was  preparing  proposals  for  design  and  construction  of  the  space 
shuttle,  most  of  the  papers  were  prepared  by  NASA  personnel.  The  data  they  are 
reporting  have  been  obtained  in-house  at  NASA  centers  and  through  contractual 
arrangements  with  many  segments  of  American  industry.  Each  author  was  asked 
simply  to  display  all  relevant  data  and  state  his  views  on  its  adequacy  in 
meeting  design  objectives  for  the  shuttle.  These  papers  are  supplemented  by 
presentations  of  work  carried  out  by  The  Aerospace  Corporation,  El  Segundo, 
California,  and  Southwest  Research  Institute,  San  Antonio,  Texas. 

There  has  been  a  counterpart  technology  program  carried  out  by  various 
firms  in  Europe  under  the  sponsorship  of  the  European  Space  Vehicle  Launcher 
Development  Organization.  Like  the  American  program,  the  program  in  Europe  has 
several  tasks  in  different  disciplines.  They  have  been  sharing  their  data  with 
NASA  and  its  shuttle  contractors.  Accordingly,  this  document  also  contains  a 
paper  summarizing  work  by  several  European  firms  on  application  of  composite 
materials  to  a  space  shuttle. 
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The  space  shuttle  flutter  technology  program  has  been  developed  around  three  main  objectives: 

(l)  To  identify  unique  new  problems  associated  with  proposed  vehicle  configurations  and  their  related 
flight  profiles,  (2)  to  develop  the  analytical  and  experimental  techniques  needed  to  predict  flutter 
boundaries  and  insure  adequate  flutter  margins,  and  (3)  to  anticipate  problems  associated  with 
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Because  the  structural  design  of  aerospace  vehicles  is  often  significantly  influenced  by  flutter 
clearance  requirements,  the  pertinent  flutter  boundaries  must  be  accurately  knoTO  early  in  the  design 
process  if  sizable  weight  penalties  and  costly  fixes  are  to  be  avoided.  Generally,  flutter  require¬ 
ments  are  established  in  several  stages  of  combined  analyses  and  tests.  Preliminary  flutter  require- 
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Figure 


SPACE  SHUTTLE  FLUTTER  TECHNOLOGY  PROGRAM 
(Figure  2) 
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flow  conditions  was  found  to  be  strongly  dependent  on  the  presence  of  multiple  shock  interactions  and 
their  positions  relative  to  the  shear-layer  reattachment  point.  A  high-speed  schlieren  movie  provided 
a  general  perspective  of  the  hypersonic  buzz  phenomena  and  the  parametric  boundaries  within  which  large- 
scale  oscillatory  instabilities  occurred. 


EXPLORATORY  STUDIES 


Figure 


DEVELOPMENT  OF  EXPERIMENTAL  AND  ANALYTICAL  TECHNIQUES 

(Figure  4) 
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Figure  4 
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Shown  on  the  left  of  figure  7  is  a  subsonic  (M  =  0.4)  analytical  correlation  with  some  biplane 
flutter -model  test  results.  These  test  results  were  obtained  from  the  biplane  flutter  study  mentioned 
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have  to  be  considered.  Regardless  of  which  test  method  is  used,  the  problem  of  flutter  testing  at 
rapidly  changing  test  conditions  remains,  since  neither  performance  nor  control  capability  is  available 
to  hold  the  test  conditions  constant.  It  appears  that  flight  proof  test  of  the  actual  launch  configura. 
tion  will  not  be  accomplished  until  the  first  flight  of  the  all-up  vehicle. 
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TYPICAL  LAUNCH  AND  REENTRY  TRAJECTORIES 


Figiire 


EFFECT  OF  MACH  NUMBER  ON  BUFFET 
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BUFFET  OF  VERTICAL  FINS 
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•  BUFFET  LOADS  CAN  NOT  BE  PREDICTED  ANALYTICALLY. 
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During  static  testing  of  multi-million  pound  thrust  rocket  engines  at  Marshall  Space  Flight 
Center's  Mississippi  Test  Facility,  areas  adjacent  to  the  test  site  have  been  subjected  to 
the  noise  generated  by  rocket  engines. 
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A  NASA  facility  was  developed  in  Southern  Mississippi  for  static  testing  of  the  booster 
stage  (S-IC)  and  the  second  stage  (S-II)  of  the  Saturn  V  rocket  system.  The  S-IC  and 
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POLITICAL  FEATURES 
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The  S-IC  static  test  firings  directed  the  engine  exhaust  flow  downward  into  a  105  bucket 
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focal  conditions  and  unacceptable  levels.  In  regard  to  the  meteorological  factors,  the 


short- time-varying  conditions,  lack  of  data  resolution  and  shortage  of  measurements  in 
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obviously  only  complaints  of  annoyance  or  disturbance. 


With  regard  to  the  claims  and  any  resulting  litigation,  the  damages  alleged  and  the  acoustic 
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resolution  can  be  utilized. 
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TYPICAL  MEASURED  ACOUSTIC  SPECTRUM 
20  km  FROM  THE  S-IC  TEST  STAND 
AND  330°  (  NW  )  -  MTF 
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ACOUSTIC  DAMAGE  CLAIMS  PER  1000  HOUSEHOLD 
E  vs.  OVERALL  SOUND  PRESSURE  LEVEL  IN  FIVE  dB  BANDS 

S-IC  STATIC  TEST  -  MTF  DATA 
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Although  several  configurations  were  investigated,  the  main  emphasis  in  this  paper  will  be 
on  the  parallel-burn  launch  configuration.  Samples  of  flow  visualization  and  some  preliminary 
estimates  of  full-scale  overall  sound  pressure  levels  and  1/ 3-octave  spectra  are  presented. 
Additional  data  analysis  is  still  in  progress  and  will  be  reported  at  a  later  date. 
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FLOW  VISUALIZATION  -  PARALLEL  BURN  CONFIGURATION 
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O.OA-SCALE  AERODYNAMIC  NOISE  MODELS  IN  TRANSONIC  TUNNEL 
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ESTIMATED  PRESSURE  FLUCTUATIONS  DURING  ASCENT  -  ORBITER  NOSE  REGION 
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HIGH  ALTITUDE  PLUME  INDUCED  FLOW  SEPARATION 

PRESENT  INVESTIGATION 

M=2.2  PLUME  SIMULATION;  q  =  477  Ib/ft^  {22  839  N/m2) 


Figure  11 
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COMPLICATING  ASPECTS  FOR  ACHIEVING  POGO  STABILITY 
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INVESTIGATIONS  AT  AEROSPACE  ARE  OUTLINED 
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'CONCLUSIONS  FROM  PHASE  B  STUDY  OF  ACCUMULATOR  LOCATION  FOR  BOOSTER 
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SHOULD  RESTUDY  WITH  TANK  OUTFLOW  CONSIDERED 
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ANALYTICAL  COUPLING  OF  HYDROELASTIC  TANKS  AND  FEEDLINE 
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preliminary  studies  can  be  made  of  system  corrections  for  stability. 
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THREE-STEP  PROGRAM  FOR  GREATEST  EFFECTIVENESS 


Up  to  recently  the  usefulness  of  any  cavitation  compliance  data  on  a  subscale  pump  with 
water  would  have  been  regarded  as  highly  questionable.  However,  results  obtained 
during  recent  studies  at  Aerospace  on  the  empirical  correlation  of  cavitation  compliance 
data  for  Saturn  turbopumps  should  alter  this  attitude.  Test-derived  compliance  data 
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SUCTION  SPECIFIC  SPEED  (  S*  AT  5  PERCENT  DROP  IN  HEAD  ) 
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MODAL  APPROACH 

•  REQUIRES  A  PARTICULAR  DISTRIBUTION  OF  DISTRIBUTED  AND  CONCENTRATED 
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Figure 


One  of  the  largest  areas  of  uncertainty  in  pogo  analyses  is  that  of  pump  dynamics.  To  experi¬ 
mentally  determine  pump  dynamics,  two  tests  are  required  at  independent  states  for  each  steady  operating 
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The  requirements  for  a  dynamic  flowmeter  are  principally  that  it  should  not  disturb  the  flow 
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Figure 


POGO-LOOP /control-loop  INTERACTION 
(Figure  7) 
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Figure 


C  NASTRM  HYDROELASTIC  ANALYZER 
(Figure  3) 


0 

f— 

i 

CO 

■0 

X 

P 

X 

J 

0 

a 

N 

P 

P 

H 

H 

•H 

0 

t>2 

0 

>2 

0 

5 

izj 

b£) 

p 

1 — 1 

1 — 1 

1 — 1 

•H 

CO 

cc5 

& 

o 

P 

o 

P 

!>2 

P 

a 

•H 

r— 

p 

CO 

o5 

pH 

O 

P 

P 

r- 

•H 

P 

o 

P 

0 

•r 

H 

>2 

0 

O 

CQ 

0 

P 

K 

P 

P 

p 

•H 

p 

a 

o5 

• 

0 

•H 

3 

P 

1. 

0 

E 

tSJ 

iH 

p 

CO 

P 

0 

5  0 

>2 

•rH 

o 

o5 

O 

00 

P 

h 

H  ‘H 

P 

P 

0 

1 — 1 

P 

p 

•H 

tiD  -P 

o5 

•H 

p 

0 

05 

0 

C 

)  P 

P 

CO 

p 

O 

P 

c^5 

P 

^  0 

o5 

CO 

CO 

P 

o 

0 

P  ft 

0 

1 

•3 

p 

bD 

P 

P 

O 

O 

p 

niS 

>2 

p 

P 

O 

o5 

a 

1  ^ 

•rH 

ft 

•H 

P 

p 

o5 

O 

p 

3  ft 

P 

a 

P 

H 

P 

P 

p 

) 

CO 

o 

I — 1 

0 

P 

P 

o5 

o 

P 

P 

o5 

a 

'N  P 

1 — 1 

P 

O 

a 

•H 

c 

>  o5 

0 

p 

•r 

i  P 

O 

p 

0 

P 

P 

CO 

05 

|5 

j 

P 

o5 

1 — 1 

P 

0 

P 

0 

.jj 

) 

ft 

•H 

o 

CO 

p 

CO 

0 

j  P 

[>2 

>2 

P 

15 

0 

>2 

p 

p 

a 

j  o5 

P 

P 

O 

p 

rH 

•H 

£ 

•H 

a 

bD 

05 

o5 

0 

W 

P 

■2  ^ ^ 

0 

CO 

P 

P 

p 

o 

CO 

!  0 

P 

p 

H 

O 

o5 

p 

H 

•H 

1  p 

P 

0 

I — 1 

CO 

O 

!  & 

nzJ 

o5 

•H 

0 

P 

o5 

!  a 

P 

p 

o 

O 

05 

o 

o5 

P 

P 

I — f 

P 

0 

N 

•H 

0 

0 

1 — 1 

P 

0 

CO 

P 

N 

N 

o5 

0 

1 — 1 

0 

•H 

>5 

O 

•H 

P 

p 

•H 

P 

1 — 1 

rH 

iH 

P 

P 

P 

CO 

O 

P 

ft 

•H 

o5 

1— i 

P 

3 

P 

•H 

0 

P 

P 

P 

•H 

P 

a 

rH 

1 — 1 

O 

P 

o5 

0 

!5 

•N 

•H 

P 

o 

P 

!>: 

0 

0 

CO 

P 

o5 

0 

O 

o 

H 

s 

0 

o5 

•H 

p 

p 

P 

iH 

P 

Qi 

p 

ft 

P 

p 

05  0) 

H  ^ 

<D 

I  s 

t  & 

rC]  O 


m  jzj 

O  o5 


-P 

o  p 
0  o 


bD 

a 

•H  W 

H  S 
0  0 
-P 

O  CQ 


M  p 

W  p 

l>H  0 


o5  P 

4h  o5 


a 

0  H 
P  O 


'H  p 
P  o5 


P 

•H 

O 

P 

p 

•H 

P 

o 

P 

0 

ft, 

0 

CO 

p 

P 

CO 

p 

o5 

P 

CO 

o 

O 

iH 

bD 

< 

ft 

p 

•H 

0 

•H 

P 

P 

CO 

p 

•H 

P 

ft 

1 

P 

•H 

P 

•H 

N — 

iH 

o5 

o5 

I — 1 

P 

P 

0 

0 

0 

p 

P 

O 

P 

p 

P 

P 

0 

CO 

CO 

CO 

bD 

0 

• 

0 

P 

o5 

CO 

p 

p 

0 

H 

o5 

0 

CO 

p 

O 

P 

p 

P> 

a 

P 

p 

p 

O 

p 

o 

P 

•H 

bD 

.[-j 

P 

P 

O 

3 

p 

rH 

P 

15 

CO 

P 

ft 

§  & 


•H  0 


P 

P  Ch 


W  CO 
I  0 

0  'H 
0  P 
P  o5 
Ch  ^ 

^  § 
•H  O 


P  H 

r— J  03 


o 

H 


o  o 

P  tH 


H  0 

•H 


0  'tJ 

P 

P  o5 


H  O 

O  I 

P  0 

O  P 

o  o 


•P  CO 

>5  nd 
P  P 
P  p 

P  P 
P 

o5  ^ 


o  p 
P 


Eh 

CO 


11^4 


THE  NASTRAN  HYDROELASTIC  ANALYZER 


I—  DO 

q:  < 

LU  Q_ 
Q-  << 

o  o 

Q-  S 

^  O  t! 

o  —  (7^ 

LU  ^ 

«:r  — J  ^  ^ 

^  O  _  Qi 

O  iZ  h!:  < 

g  ID  o  o  ^ 

^  — I  —  —  m 

Q-  U_  I _ 


•H 


Lij  Q^: 


>-  >-  OQ 
00  CO  — 


LU  >-  X  X 
•-  <  < 


< 

O- 


±:  X  O  O  O 

u.  <  2:  ^  O 


1^5 


FINITE -ELEMENT  ANALYSIS  OF  GENERAL  LIQUID-STRUCTURE  SYSTEM 

(Figure  4) 
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SUMMAEY  OF  FINITE -ELEMENT  ANALYSIS  OF  SIMPLE  MODELS 

(Figijire  7) 
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FORCE  EXERTED  ON  TANK  BOTTOM  BY  PROPELLANT 
(Figure  10) 
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AOTISLOSH  BAFFLE  TECHNOLOGY 
(Figure  11) 
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SUMMARY  OF  SHUTTLE  LI QUID -DYNAMICS  TECHNOLOGY 

(Figure  17) 
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Figure  17 
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(Figure  1) 
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STRUCTURAL  NETWORK  ANALYSIS  PROGRAM  (SWAP)  -r  BASIC  VERSIONS 

(Figiire  2) 
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In  the  substructure  analysis  program,  the  system  is  mathematically  modeled  as  a  set  of  substruc- 
tinres,  with  the  deformations  of  each  substructure  represented  by  generalized  functions.  Two  associated 
coinputer  programs  were  developed:  (l)  the  substructure  function- generator  program,  which  is  a  modifica¬ 
tion  of  the  SNAP  dynamic  analysis  program,  and  (2)  the  substructure  synthesis  program,  which  forms  mass, 
stiffness,  and  damping  matrices. 


o 

o 

0 

p 

B 

CO 

Ph 

P 

0 

p 

P 

p 

0 

CO 

CO 

Pi 

p 

>2 

CO 

>2 

&) 

CO 

p 

•H 

CO 

p 

0 

CO 

o 

CO 

0 

p 

p 

0 

p 

p 

1 

0 

p 

0 

0 

p 

p 

p 

p 

p 

p 

p 

p 

s 

0 

0 

bD 

S2 

B 

p 

•H 

p 

P 

CO 

0 

p 

CO 

O 

fH 

CO 

p 

0 

CO 

p 

cd 

CO 

CO 

cd 

0 

P 

B 

0 

p 

P 

U 

p 

0 

Ti 

0 

P 

0 

p 

0 

Ti 

p 

H 

p 

p 

CO 

0 

O 

p 

cd 

Ph 

tiO 

P 

p 

p 

p 

P 

*H 

CO 

0 

cd 

•H 

p 

X 

P 

P 

CO 

•H 

cd 

cd 

CO 

0 

p 

cd 

3  ^ 

0 

*H 

0 

bD 

O 

O 

p 

p 

B 

P 

H 

P 

p 

0 

•H 

cd 

P 

p 

bD 

g 

a 

P 

P 

CO 

• 

0 

•H 

0 

P 

p 

CO 

p 

pH 

P 

O 

p 

0 

p 

P 

P 

p 

p 

CD 

0 

Q 

P 

CO 

>2 

B 

p 

P 

P 

0 

0 

3 

0 

CO 

p 

p 

0 

•H 

0 

CO 

0 

P 

*p 

>2  fp 

0 

cd 

cd 

Q 

CO 

p 

0 

0 

P 

B 

cd 

p 

P 

0 

cd 

p 

0 

1 — 1 

Td 

bD 

•n 

0 

0 

CO 

H 

0 

0 

P 

0 

cd 

P 

0 

•H 

b 

P 

•H 

cd 

'p 

P 

3 

0 

0 

B 

0 

p 

•H 

P 

p 

P 

0 

P 

P 

P 

p 

P 

P 

Ph 

0 

0 

P 

p 

0 

PP 

0 

CO 

p 

0 

p 

p 

CO 

0 

P 

0 

p 

0 

p 

0 

P 

0 

p 

h 

P 

bD 

CO 

P 

0 

P 

p 

p 

•H 

P 

•H 

0 

1 — 1 

P 

Cd 

P 

p 

cd 

CO 

0 

•H 

P 

cd 

c 

•s 

B 

P 

p 

0 

P 

0 

•H 

P 

P 

0 

p. 

> 

CO  ^ 
O  -H 


O  -P 
•H  (D 
P  ^ 
O 


•H  ^ 

S  ^ 

P  -H 
O 

(D  P 


P  P  P  O 


OJ  W 
0)  (II 

p 
0  P 
bD 

P^  • 
O  X 
•H  P 
P  ?H 
O  P 

P 

CO 

0  CO 


o 

»H 

P 

i 

0 

§ 

I  CO 

Ph 

^  P 
cc5  c5 

p 

Pi  P^ 
P  O 

o  o 


Jh 
0 
P 
a 
cd 

>2  cd 
P  P 


B 

•N  cd 


B 

0 

P 

CO 

>2 

CO 

0 

p 

p 

p 

O 

K) 

•H 


P  W 


P  P  >2 
p  CO  H 
CO  cd 
t>2  P  P 
P  Cd 


OO 

oo 


oo 


CO 


209 


Figure 


STRUCTURAL  METWORK  ANALYSIS  PROGRAM  (SNAP)  -  GENERAL  PROGRAM  INFORMATION 

(Figure  3) 


p 

>2 

-P 

0 

ft 

CO 

ft 

o 

•H 

1 

0 

bD 

•H 

CO 

♦H 

0 

j — 1 

CO 

ft 

CO 

p 

4^ 

P 

ft 

0 

P 

1 — 1 

o 

rH 

ft 

0 

0 

0 

CO  cd 

•H 

>2  ft 

P 

cd 

H 

Ch  <d 

-p 

O 

ft 

o 

CD 

CD 

CD 

43 

ft  ft  -H 

tsi 

P 

Cd 

0 

0  ^ 

rP 

O 

0)  ft 

CO 

cd 

0 

P  0 

•H 

0 

ft 

a 

cd 

P  -P 

CO 

ft 

ft 

ft 

cP 

P 

P 

0  0 

CO 

> 

ft 

0 

0 

• 

(D 

ft 

•rH 

p 

•rH 

ft 

B  CO 

0 

1 — 1 

ft 

CO  0 

U 

o 

cd 

0 

cd 

ft 

0  CO 

ft 

0 

0 

a 

0 

X  CO 

•H 

p 

ft 

ft 

p 

d 

P 

P 

bO  cd 

P 

>2 

p 

0  1— 1 

P 

03 

cd 

P 

0 

0 

P 

P 

cd 

ft 

0 

a 

P 

0  cd 

CO 

ft 

tiDft 

0 

0 

•H 

cd  0 

>2 

•H 

0 

•H 

0 

rP 

(U 

B 

•H 

P 

0 

•H 

0 

ft 

P  rP 

CO 

CO 

0 

0 

X 

0 

0  -P 

q5 

ft 

W 

•H 

cd 

ft 

0 

P  ft 

0 

Cd 

cd 

X 

P 

(D 

ft 

P 

P 

(D 

p 

P 

0 

Cd 

p 

p 

ft  m  s 

0 

0  ft 

-P 

rQ 

•H 

P 

cd 

0 

CO 

ft 

•H 

•H 

cd 

1 — 1 

ft 

U 

P 

CD 

ft 

ft 

•H 

bO  P 

a 

>2  -P 

O 

ft 

• 

cd 

ft 

0 

ft 

1 — 1 

P  cd 

CO 

p 

p 

• 

rH 

CO 

ch 

O 

CO 

ft 

CD 

ft 

•H 

rH 

•H 

0 

0 

rH 

-s  0 

Ch 

p 

(D 

P 

p 

cd 

CO 

0 

P  CO 

B 

p 

> 

0 

cd 

CO  p 

CD 

CO 

O 

P 

0 

ft 

0 

rP 

0  ft 

cd 

•H 

0 

rH 

0 

•H  cr^ 

(D 

•H 

ft 

>2 

•H 

ft 

ft 

CO 

P 

p 

CO 

•H 

•H 

rH 

•H 

ft 

ft 

ft 

'B  i 

ft 

0 

bO 

P 

HH 

43  p 

P 

•rH 

P 

•rH 

CD 

•N 

ft 

p  P 

•H 

CO 

P 

cd 

cd  ft 

0 

cd 

P 

•rH 

ft 

P 

> 

CO 

p 

P  0 

0 

•• 

•iH 

ft 

a 

ft  0 

P 

•rH 

CD 

•iH 

cd 

p 

cd 

ft 

0 

P 

> 

0 

H3»  0 

rP 

ft 

^ 

P 

ft 

ft 

0 

ft 

P 

rH 

§ 

Cd 

0 

ft 

43 

•H 

0) 

P 

•rH 

CD 

•H 

B 

P  ft 

0 

0 

ft 

ft 

p 

rH 

ft 

0 

Ch 

nH 

CO 

43 

cd 

•H  P 

P 

CO 

CO 

cd 

p  p 

Ch 

P 

0) 

ft 

•H 

0 

0  ft  0 

CO 

P 

0  0 

o 

ft 

B 

P 

ft 

p 

P 

ft 

•r-3  P 

ft 

0 

0 

cd 

0 

•H  •H 

O 

0) 

CD 

(D 

•H 

•H 

0 

•H 

• 

p 

V 

P 

43  43 

rH 

CD 

1 — 1 

B 

ft 

ft 

1 — 1 

P 

ft 

CO 

p 

cd 

•H  cd 

(U 

ft 

ft 

p 

•rH 

CD 

0 

P 

Cd  ^ 

cd 

0 

ft 

CO 

P  P 

P 

tH 

o 

0 

cd 

cd 

1 — I 

ft 

cd 

0  0 

1 — i 

ft 

0 

a 

cd 

•H  1 — 1 

O 

cd 

p 

ft 

CD 

0  0 

cd 

CO 

p 

0 

ft 

ft  cd 

S 

B 

ft 

B 

CD 

ft 

•s 

rH  rH 

ft 

•H 

p 

ft 

cd 

0  > 

cd 

ft 

cd 

>2 

P 

CO 

ft 

0 

0 

p 

ft 

CO 

ft 

ft  0 

CO 

w 

•H 

CD 

P 

0 

ft 

rH 

•H 

ft 

CO 

>2 

0) 

•H 

p 

rH 

ft 

CD 

cd 

B 

ft 

P  0 

bD 

CO 

a 

CO 

ft 

s  -e 

• 

•iH 

•H 

ft 

B 

0 

Cd 

cd  ft 

cd 

0 

P 

(U 

0 

-P 

d) 

ft 

ft 

cd 

ft 

1 — 1 

P 

ft 

0 

ft 

43 

m 

p 

ft  rH  0 

•H 

CO 

cd 

cd 

,s 

0 

•rH 

CO 

ft 

0 

0 

• 

ft 

ft  a 

.  43 

(D 

p 

P 

ft 

ft 

•N 

0 

ft 

0  ft 

0 

P 

bD 

bDoO 

P 

0  0 

X  0 

rsi 

o 

0 

0 

t>2ft 

P 

P 

B  bDH 

ft 

0 

P 

P 

0 

0 

•r- 

1  § 

•H 

<D 

P 

P 

rH 

0 

0 

cd  p 

cd 

ft 

•H 

cd 

cd 

rH 

ft  cd 

1  ft 

> 

o 

ft 

CO 

W  ft 

ft 

0 

P  0 

0 

H 

H 

1 — 1 

0 

rH 

43  43 

•H 

•H 

bD 

CD 

p 

0 

0 

ft  P 

0 

>2 

P 

,P 

0  ft 

cc 

1  •H 

CO 

ft 

•iH 

•rH 

cd 

• 

ft 

H 

ft 

rH 

>2  ft 

0 

•P 

•H  CO 

a 

i  P 

•H 

p 

P 

P 

ft 

CO 

ft 

ft 

P 

0  ft 

0 

rH 

0  < 

CO  •H 

cd 

o 

•H 

cd 

p 

P 

CO 

cd 

0 

0 

0 

B 

CO 

3 

> 

ft 

cd  ft 

CO 

-p 

CD 

0 

(D 

ft 

ft 

•H 

P  -N 

0 

0 

a 

a 

H 

0 

ft 

CO  p 

O 

ft 

ft 

0 

1 — 1 

•H 

ft 

0  P 

P 

> 

ft 

0 

ft 

0  0 

P> 

ft 

43 

ft 

0 

0 

ft 

43 

!> 

•H 

P  0 

ft 

0 

0 

p 

ft 

ft 

r>2 

0  P 

p 

■  .H 

?H 

P 

P  <C 

p 

P 

0 

CO 

0  ft 

•H 

0 

ft 

p 

0 

ft  cd 

ft  CO 

0 

0 

ft 

cd 

ft 

P 

0 

ft  ft 

CO 

ft 

P 

X 

cd 

P 

cd 

ft  •H 

(D 

. 

ft 

ft 

W 

P 

ft 

P^ 

0 

0 

0 

•H 

0 

0 

P 

P 

•r- 

[  0 

P 

CO 

ft 

P 

• 

CD 

•rH 

P 

ft 

cd 

P 

0  0 

-p  0 

W 

p 

0 

0 

0 

CO 

P 

0 

ft 

cd 

CO 

ft 

a 

o 

43  .H 

CO  p 

■H 

O 

CO 

•rH 

(D 

ft 

P 

P 

1 — 1  0 

rH 

CO 

P 

•H 

0 

0 

0 

43 

ft 

CO 

*H 

1 — 1 

ft 

•iH 

•s 

0 

cd 

•H 

Cd  P 

CO 

ft 

0 

> 

ft 

cd 

CO  0 

a 

;  1 

0) 

-P 

ft 

cd 

0 

P 

CD 

0 

o  P 

P 

CO 

ft 

rH 

0 

p  p 

0  0 

cd 

P 

CD 

Cd 

0 

*r-D 

0  ft 

Cd 

0 

a 

0 

0 

H 

b 

H-^ 

\  , — 1 

o 

§ 

P 

CO 

P 

P 

CO 

ft 

rH  0 

P 

. 

0 

0 

CO 

cd 

p  0 

W  ft 

CO 

•rH 

p 

ft 

0 

p 

P 

p 

ft 

0 

0 

ft 

0 

43  p 

>2  P 

•H 

ft 

•s 

B 

CD 

•H 

0 

0 

w 

P 

P 

p 

P 

0 

p 

•H 

0 

CO  0 

ft 

CO 

ft 

rH 

ft 

ft 

p 

CO  ft 

B 

P 

0 

•H 

0 

0 

ft 

P 

P  0 

(D 

ft  -P 

ft 

ft 

1 — 1 

cd 

0 

P  CO 

cd 

ft 

•H 

cd 

p 

0 

0 

0 

CH  ^ 

0 

h 

cd 

p 

0 

CD 

P 

P 

0 

•H 

ft 

b 

0 

ft 

ft 

ft 

a 

a  -p 

ft 

1  bD 

P 

cd 

ft 

0 

0 

CO 

ft 

ft  0 

bD 

P 

P 

ft 

CO 

cd 

-p 

'  P 

o 

ft 

ft 

CD 

ft 

P 

•H 

ft 

0 

P 

a 

cd 

ft 

0 

0 

p 

P  P 

•H 

o 

1 — 1 

CO 

P 

1 — 1 

cd 

0 

ft 

P 

43 

p 

ft 

0 

0 

> 

0 

bD  -H 

bD  CO 

o 

cd 

p 

P 

ft  ft 

ft 

W 

p 

•H 

CO 

ft 

CO 

X 

0 

cd 

p 

ft 

0 

P 

1  P 

o 

o 

0 

0 

B 

0 

cd 

cd 

ft 

ft  ft 

0 

ft 

CO 

ft 

bD 

0 

P  ft 

•r- 

1 

u 

CO 

0 

cd 

ft 

X 

0 

cd  0 

0 

0 

0 

0 

ft  0 

1 — 

1  P 

ft 

1 

cd 

« 

CD 

p 

ft 

B 

ft 

43 

P 

P 

0 

a 

ft 

CO 

43 

ft 

'  0 

<D 

I — 1 

(D 

p 

ft 

p 

bD 

P  CO 

43 

0 

0 

cd 

P 

0 

X 

0  cd 

a 

ft 

p> 

W 

cd 

0 

0 

P 

15 

P 

ft 

0  ft 

rH 

ft 

0 

bD 

ft 

0 

0 

ft  rH 

0 

p 

P 

•rH 

ft 

P 

ft 

ft 

•rH 

P 

ft  P 

P 

0 

0 

0 

0 

-P  P 

CO 

! 

ft 

cd 

P 

43 

0 

p 

P 

0 

ft 

cd 

CO 

B 

ft  ft 

Td 

0 

0 

rP 

a 

CO 

!  0 

p 

rH 

(D 

ft 

•H 

•(H 

P 

Cd 

B 

::  ft  -ft 

0 

a 

cd 

p 

0 

p 

cd 

1  ^ 

•H 

ft 

0 

0 

ft 

P 

0 

0 

ft 

ft 

ft 

0 

CO  0 

p 

cd 

r_( 

cd 

CD 

1 — 1 

1 — 1 

0  CO 

cd 

0 

ft 

0 

ft 

ft  0 

P 

i  1 — 1 

O 

B 

ft 

• 

ft 

ft 

j — i 

0 

0  p 

0 

0 

ft 

0 

0  cd 

•H 

1  0 

+0 

ft 

Cd 

CO 

cd 

ft 

cd 

ft 

H  0 

ft 

0 

a 

P 

0 

>2 

H 

0 

P 

»\ 

CD 

CD 

ft 

p 

0 

P 

ft  •H 

rH 

ft 

ft 

P 

0 

1 — ! 

•H 

ft  CO 

ft 

i  ‘H 

CO 

CO 

P 

p 

P 

0 

•H 

0 

r  P 

0 

EH 

a 

ft 

CO 

0 

Cd 

0  P 

ft 

0 

W 

P 

ft 

•H 

•H 

rH 

ft 

cd 

P 

ft 

•H 

0 

-p 

-P 

0 

C 

1  CO 

o 

O 

•H 

ft 

0 

CO 

ft 

P  l> 

ft 

0 

1 

P 

p 

0 

cd 

0 

0  P 

1  •H 

<D 

_p 

CO 

0 

CO 

p 

ft 

cd 

•H 

P 

• 

•H 

P 

p 

a 

ft 

CO  P 

P 

1 

ft 

ft 

P 

CD 

P 

ft 

P 

cd 

ft 

P 

0 

P 

p 

a 

S) 

•H 

0  0 

P 

>  P 

CD 

CJ 

P 

CD 

Cd 

B 

cd 

•H 

0 

0 

0 

0 

0 

X 

1 

ft 

c 

1  0 

I 

cd 

ft 

p 

ft 

CO 

CD 

•H 

•N 

ft 

Cd 

•H 

•H 

0 

rH 

ft 

0 

• 

43  (D 

p 

1  ‘H 

• 

-P 

0 

ft 

CO 

ft 

ft 

CO 

0  Td 

■b. 

ft 

ft 

ft 

ft 

p 

ft 

-P 

p> 

cd 

P 

CD 

CD 

ft 

•rH 

43 

ft 

P  0 

P 

•rH 

cd 

ft 

Cd 

0 

ft 

P 

bD  4^ 

ft 

1  ft 

P 

ft 

ft 

P 

(D 

1 — 1 

cd 

ft 

p 

P 

CO 

& 

P 

P 

15 

0 

ft 

ft 

P 

c 

1  0 

ft 

W  ft 

H 

•H 

& 

0  p 

p 

•H 

0 

0 

0 

0 

cd 

ft 

•H  >2 

P 

<L) 

P 

>2 

P 

cd 

P 

cd 

P 

p 

•H 

ft 

ft 

ft 

1 — 1 

P 

a  rH 

CO  p 

M 

P 

0 

H 

cd 

0 

0 

P 

H 

cd  0 

0 

0 

1 — 1 

CH 

0 

P  d 

43 

cd 

•(H 

1 — 1 

1 — 1 

•H 

•rH 

ft 

ft 

ft 

0 

cd 

t — 1 

0 

0  0 

0 

ft  -P 

cd 

rH 

ft 

CO 

CO 

0 

CO 

p 

ft 

0 

(D 

0 

P 

P 

ft 

0 

p 

0  P 

0 

0 

0 

0 

ft 

p  -p 

ft 

P 

CD 

CO 

0 

ft 

0 

0 

•H  cd 

1 — 1 

ft 

rH 

ft 

P 

CO 

0  0 

ft 

ft 

CO 

p 

ft 

cd 

CO 

0 

ft  0 

ft 

ft 

0 

43 

cd 

•iH 

ft  p 

0 

210 


The  complete  results  of  each  analysis  may  be  stored  on  magnetic  tape  and  the  execution  resumed  at 
a  later  time.  These  tapes  provide  a  convenient  means  of  permanently  storing  the  massive  amount  of 
solution  data  accumulated  in  analyses  of  large  systems.  A  highly  flexible  SC-4020  plot  package  is 
included . 
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(Figure  8) 
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EXPERIMENTAL  AND  CALCULATED  FREQUENCIES 
(Figure  11) 
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Figure  12 


The  following  conclusions  are  made  concerning  dynamic  analysis  for  shuttle  design  verification: 
Methods  are  available  for  direct  analysis  of  the  total  vehicle.  With  the  use  of  the  general- 
purpose  computer  programs  NASTRAN  and  SIFAP^  modes  and  frequencies  of  very  complicated  struct  lores  with 
many  degrees  of  freedom  can  be  obtained. 
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strongly  supported  by  a  comprehensive  test  program  and  concludes  by  showing  some  of  the  types  of  tests  that  may 
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•  VIBRATION  &  ACOUSTIC  ENVIRONMENTS 


A  mutually  supportive  test  and  analysis  approach  for  structural  dynamics  design  verification  is  shown. 
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•  SCALING  LAW  INCOMPATIBILITIES 


Scaled  Model/Math  Model  Relationship 
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Orb iter  Payload  Bay  Modal  Survey  Test 
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This  test  would  require  a  complete  wing  assembly  including  elevens  and  all  significant 
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Orbiter  Horizontal  Vehicle  Modal  Survey 


This  test  would  utilize  a  forward  tank  of  the  HO  tank  assembly  complete  with  bulkhead 
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•  DYNAMIC  TESTING  TECHNOLOGY  DEFICIENCIES 
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systems  for  shuttle. 


When  the  MSA  space  shuttle  technology  program  began  2  years  ago,  a  technology  base  for  radiative 
metallic  thermal  protection  systems  (TPS)  existed,  based  largely  on  previous  U.S.  Air  Force  and  NASA 
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In  testing  and  evaluation  of  materials^  panels^  and  complete  systems,  shuttle  requirements  dictated 
new  testing  environments  for  materials  and  panel  tests.  The  accomplishment  of  cyclic  testing  of  large 
systems  in  realistically  simulated  shuttle  environments  was  a  significant  concern  both  for  system 
development  and  verification  at  the  start  of  the  program. 


271 


Figure 


METALLIC  THERMAL  PROTECTION  SYSTEM  EVALUATION  STUDIES 

(Figxire  2) 
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scope  of  this  work  reaches  (in  general  terms)  from  elemental- specimen  tests  to  subsize-panel  and  Joint 
tests  to  panel  tests  in  the  Air  Force  Flight  Dynamics  Laboratory's  50  Megawatt  Facility.  The  material 
under  study  run  the  gamut  from  titanium  to  tantaliam. 
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ORBITER  THERMAL-PROTECTION- SYSTEM  MATERIALS  USAGE 

(Figure  5) 
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TEERMAL-PROTECTION-SYSTEM  WEIGHT  IMPACTS 
(Figure  4) 
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CYCLIC -CEEEP  PREDICTION  LIMITATIONS 
(Figure  5) 
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Figiore 


HYPERSONIC -AIRFLOW  OXIDATION  TEST  RESULTS 
(Figtire  6) 
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HYPERSONIC-AIRFLOW  OXIDATION  TEST  RESULTS 
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TEMPERATURE. 


TYPICAL  METALLIC  TPS  COHPIGURATIONS 
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MICRO-QUARTZ  (64  kg/m?)  INSULATION  PACKAGES 
(Figure  9) 
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MICRO-QUARTZ  (64  kg/m®)  INSULATION  PACKAGES 
PACKAGE  WEIGHTS  BASED  ON  5-cin  THICKNESS 


RENE  ij-1  NICKEL -BASE -ALLOY  TPS  PANELS 
(Figure  10) 
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RENE  41  NICKEL-BASE-ALLOY  TPS  PANELS 
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L-605  COBALT- BASE-ALLOY  TPS  PANELS 


SHUTTLE  SURFACE  PAHEL  EVALUATION  PROGRAM 
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THEORETICAL  FLUTTER  BOUNDARIES  FOR  TWO  METALLIC  TPS  DESIGNS 

(Figure  15) 

In  the  area  of  panel  flutter,  considerable  progress  has  been  made  in  theoretical  development,  and 
is  underway  to  define  the  potential  benefits  of  boundary-layer  thickness  in  preventing  flutter  at 
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STEUCTURES-TPS  TEST  FACILITY  CAPABILITIES 
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TPS  DEVELOPMENT  AND  EVALUATION  PROGRAMS  FOR  ADVANCED  HEAT-SHIELD  MATERIALS 

(Figure  I5) 
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ASSESSMENT  OF  REMAINING  UNCERTAINTIES  IN  RADIATIVE  METALLIC  TPS  FOR  SHUTTLE 

(Figure  l6) 
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used  in  the  analyses  were  obtained  from  available  reports  and  the  trajectory  data  was 
furnished  by  the  Mission  Planning  and  Analysis  Division,  Manned  Spacecraft  Center, 
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FLIGHT  BOUNDARIES  FOR  CONSTANT  30°  ANGLE  OF  ATTACK  (Figure  5) 

To  minimize  the  weight  of  the  TPS,  it  is  desirable  to  minimize  heat  load  or  entry 
time  without  exceeding  prescribed  surface  temperature  or  "g"  load  limits.  A  typical 
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Although  the  thermal  boundaries  shown  are  configuration  dependent,  the  basic  trends 
are  applicable  to  other  configurations. 
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Figure 


THERMAL  PROTECTION  SYSTEM  CONFIGURATIONS  (Figure  6) 
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Figure 


RSI  WEIGHT  SENSITIVITY  TO  PRESSURE  (Figure  7) 

RSI  material  is  a  low-density  porous  insulation  containing  90  percent  or  more  void 
space  wherein  heat  is  transported  simultaneously  by  gas  conduction,  solid-to-solid 
conduction,  and  radiation.  Accordingly,  bulk  thermal  conductivity  of  RSI  evhibits  a 
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mghest  local  RSI  surface  pressure  expected  during  a  30°  angle-of-attack  entry. 

It  is  evident  from  the  figure  that  reduced  pressure  effects  must  be  included  in  a 
TPS  weight  estimate,  while  surface  pressure  variation  over  the  vehicle  produces  a  small 
effect  and  can  be  ignored  in  most  cases. 
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RSI  WEIGHT  SENSITIVITY 
TO  INITIAL  BONDLINE  TEMPERATURE 
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Ylgore 


RSI  UNIT  AREA  WEIGHTS  (Figure  9) 
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mullite)  gave  comparable  weights  for  the  down-range  conditions  shown  in  this  figure. 
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MATERIAL  THERMAL  CONDUCTIVITY/TPS  IN-DEPTH  TEMPERATURE  DISTRIBUTION  (Figure  11) 
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EFFECTS  OF  RSI  TEMPERATURE  CONSTRAINTS  ON  LEADING-EDGE  TEMPERATURE.  (Figure  13) 
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Figure  15 


WING>iEADING-EDGE  TPS  WEIGHT  DISTRIBUTION  ( Figure  14) 
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Figure  l4 
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Fig-ure  15 


Trade  study  results  presented  herein  indicate  the  importance  of  material  thermal 
characteristics  and  trajectory  shaping  on  entry  TPS  weights.  Unit  weight  of  RSI  and 
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of  fabrication  processes  for  selected  full-scale  components.  The  highlights  of  this 
development  program  are  the  subject  of  this  presentation. 
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INHIBITED  CARBON-CARBON  MATERIALS  SELECTION 
Substrates,  binders,  and  oxidation  inhibitors  were  investigated  separately  to 
ultimately  develop  a  compatible  system.  Substrates  employing  graphite  or  carbon 
filaments,  high  and  low  modulus  fibers  in  cloth,  yarn,  or  tapes,  were  evaluated  for 
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FABRICATION  FLOW  CHART 

The  baseline  process  for  the  siliconized  carbon-carbon  process  is  illustrated, 
carbon  substrate  processing  is,  through  the  cure  operation,  similar  to  conventional 
practices  with  fiberglas-reinforced  plastic  parts.  Resin  degradation  to  produce  the 
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FABRICATION  FLOW  CHART 
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CROSS  SECTION  OF  INHIBITED 
CARBON-CARBON 
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WING  LEADING  EDGE  MISSION  LIFE  PREDICTED  CAPABILITY 
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DESIGN  STUDIES 


WING  LEADING  EDGE  PANEL 


WING  LEADING  EDGE  DESIGN  CRITERIA 

The  design  criteria  used  for  the  wing  leading  edge  are  summarized.  The  maximum 
equilibrium  temperature  at  the  stagnation  point,  based  on  an  emittance  of  0.85,  is 
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AIRLOAD  PROOF  TEST  AT  ROOM  TEMPERATURE 
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FUSELAGE  TEST  PANEL  -  SILICONIZED  CARBON-CARBON 

In  addition  to  the  wing  leading  edge  segments,  two  fuselage  panels  have  been 
fabricated.  These  panels  were  made  in  order  to  check  the  feasibility  of  using  inhibited 
carbon-carbon  for  the  TPS  on  the  bottom  surface  of  the  orbiter  fuselage  and  to  obtain  actual 
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CONCLUDING  REMARKS 
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•  DESTRUCTIVE  AND  NONDESTRUCTIVE  EVALUATION  METHODS 
AND  PROCEDURES  FOR  IN-PROCESS  AND  REUSE  ANALYSIS 
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Reusable  Surface  Insulation  (RSI)  is  currently  considered  a  prime  candidate  for  heat  shielding 
large  areas  of  the  Space  Shuttle  Vehicle  (SSV).  This  class  of  materials  has  been  under  development  by 
NASA  and  its  contractors  for  approximately  two  years.  Rapid  progress  has  been  made  in  both  development 
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Figure 


RSI  Materials  Problems 
(Figure  2) 
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THERMAL  AHD  THERMOPHYSICAL  PROPERTIES  OF  RSI 
(Figure  10) 
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ARC  PLASMA  TESTING  OF  RSI  MATERIALS 
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CONVECTIVE  HEATING  TIME, TOTAL  HEATING  TIME  INCLUDING  RADIANT  HEATING  76  HOURS 
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ARC  TUNNEL  TEST  CONDITIONS  FOR 


LOCAL  PRESSURE,  0.007 atm 


TUMIEL  TESTS  OF  REUSABLE  SURFACE  INSULATION 


materials  appear  to  Be  pervious  to  water  after  multiple  tests. 


ARC  TUNNEL  TESTS  OF  REUSABLE 
SURFACE  INSULATION 
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AEG  HEATER  FACILITY  WITH  PREHEATER  IN  PLACE 
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EFFECT  OF  SURFACE  CATALYTIC  ACTIVITY  ON  SURFACE  TEMPERATURE 
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Figure  22 
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MICROSTRUCTURES  OF  SPUN  MULLITE  FIBERS 
(Figure  27) 


0) 

P 

0 

QD 

P 

P 

•P 

0 

•rH 

0 

p 

P 

•s 

O 

O 

i 

03 

• 

• 

1 

P 

P 

•H 

0 

0 

•rH 

S 

0 

0 

P 

P 

j 

P 

J 

Z| 

>3 

B 

G 

•rH 

•r-3 

P 

0 

s 

h 

P 

P 

•H 

P 

bl 

)  ( 

D 

p 

0 

P 

P 

G 

0 

ft 

CO 

p 

p 

P 

0 

P 

•P 

0 

0 

•[ 

H  0 

•rH 

P 

0 

P 

0 

B 

P 

ft 

0 

0 

0 

O 

b 

P 

0 

43  43 

H 

0 

P 

ft  -H 

0 

0 

•rH 

0 

(D 

o 

P 

ISI 

P 

0 

P 

P 

0 

P 

■f 

H 

•rH 

0 

P 

43 

ft 

•rH 

1 — ! 

P 

P 

•H 

•H 

1 — 1 

P 

p 

1 — 1 

P 

0 

P 

•rH 

G 

0 

•H 

P 

0 

r— i 

P 

0 

Ph  O 

ftp 

0  P 

o3 

p 

•rH 

P 

0 

G 

0 

•P 

p 

P  P 

1 

B 

H 

P 

P 

B 

ft  tH 

43 

p 

P 

1 — 1 

•s  JO 

•rH 

0 

ft 

0 

0 

P 

O 

P 

P 

p 

0 

P 

1 

1 — 1 

0 

G 

P 

• 

43 

•rH 

0 

o 

■P 

q5 

43 

0 

> 

0 

p 

0 

P 

( 

D  -H 

P 

0 

P 

0 

P 

P 

•rH 

rft 

p 

0) 

p 

P 

P 

1 

P 

0 

0 

0 

0  p 

1 — 1 

0 

P 

0 

•rH 

0 

0 

3 

•ft 

0 

a 

•H 

U2 

p 

P 

0 

0 

0 

o3 

P 

43 

P 

0 

•H 

0 

•H 

*H 

0 

0 

•P 

•fH 

P 

p 

0 

0 

B 

p 

G 

QD  P 

ft 

O 

p 

0 

P 

0 

P 

P 

0  u 

p 

P 

P 

0 

0 

QD 

)  G 

B 

ft 

ft 

•H 

P 

P 

•H 

P 

P 

•H 

ft  o5  P 

0 

0 

0 

P 

•H 

G 

INI 

•rH 

0 

G 

QU 

05 

P 

o5 

CT  p 

s 

•s  0 

p  0 

p 

P 

•H 

P 

P 

0 

•rH 

ft 

•H 

0 

0 

P 

•H 

O 

p 

P 

ft 

p 

P 

P 

•H 

rft 

1 — 1 

!> 

b 

P 

P 

0 

P 

Ch 

0 

0 

0 

15 

P 

P 

0 

1 — 1 

G 

43 

0 

p 

o5 

P 

O 

V 

P 

P 

> 

>5  QD  0 

•p 

ft 

G 

3 

ft 

G 

P 

•rH 

0 

p 

P 

o 

P 

0 

P 

P 

0 

o5 

^  o3 

p 

0 

J>3  P 

ft 

1  0 

43 

P 

rH 

0 

o 

P 

p 

P 

c^ 

0 

O 

15 

B 

•r 

H  0 

o5 

P 

P 

P 

ft 

0 

0 

•rH 

0 

05 

P 

0 

p 

0 

P 

P 

QO  P 

0 

h 

>3  P 

p 

>: 

.  B 

ft 

0 

CO 

p 

0 

P 

0 

QD 

P 

0 

P 

0 

? 

H  0 

p 

>3 

,  0 

0 

P 

P 

0 

G 

P 

p 

0 

0 

5 

•H 

o5 

0 

05  P 

0 

1 — 1 

0 

0 

p 

G 

0 

f — 1 

•H 

ft 

w 

p 

p 

0 

P 

QD 

1 

‘  P 

>  ‘H 

•rH 

QD 

'  0 

P 

p 

0 

• 

ft 

<u 

O 

CT 

P 

0 

•H 

P 

P 

P 

t> 

P 

0 

0 

p 

0 

ft 

ft 

G 

QD 

rP 

P 

•H 

P 

0 

P 

P 

0 

•rH 

if 

P 

P  0 

o5 

0 

0 

3 

P 

0 

ft 

0 

> 

P 

•H 

o 

P 

r-| 

0 

tsi 

P 

o5 

0  P 

p 

P 

P 

0 

ft 

ft 

1 — i 

0 

p 

•H 

Ch 

P 

O 

P 

0 

P 

•H 

0 

0 

0 

0 

P 

ft  P 

d 

1 — [ 

G 

0 

ft 

(U 

O 

P 

P 

P 

0 

P 

0 

P 

Pi 

0  ^ 

p 

0 

G 

0 

0 

P 

QD 

ft 

0 

0 

*H 

0 

P 

o 

P 

QD 

P  0 

0 

B 

• 

0 

P 

0 

•rH 

P 

G 

-p 

•s 

P 

0 

P 

0 

•(H 

o5 

0 

0  fp 

ft 

0 

P 

0 

p 

P 

•H 

P 

0 

•H 

0 

0 

•H 

0 

P 

0 

•H  P 

o5 

•rH 

P 

QDP 

P 

P 

0 

0 

1 — 1 

{ — 1 

P 

B 

o5 

*H 

>3 

0 

•H 

0 

QD  0 

0 

P 

p 

p 

0 

P 

0 

tsi 

d 

P 

P 

0 

0 

o 

o 

P 

0 

•rH 

0 

P 

•H 

0 

p 

0 

ft 

> 

•H 

P 

g 

w 

0 

P 

P 

B 

p 

P 

p 

ft 

P  P 

P 

P 

•rH 

0 

B 

0 

•H 

P 

0 

•H 

P 

o 

p 

-B 

03 

QD 

•H 

0 

P 

0 

0 

0 

p 

•rH 

•ft 

> 

0 

0 

o 

p 

o5 

P 

P 

Pi 

P 

p 

P 

0 

1 — 1 

0 

B 

43 

P 

0 

P 

p 

•H 

0 

0 

0 

0 

• 

0  nH 

0 

•H 

ft 

1>3 

0 

ft 

0 

0 

>3 

•rH 

p 

P 

•H 

P 

> 

P 

s 

P 

0 

0 

0  0 

p 

Ch 

0 

1 — 1 

0 

•H 

1 — 1 

B 

rH 

o5 

o 

P 

0 

o 

ip 

0 

1 — 1 

1^ 

^  P 

B 

P 

P 

0 

ft 

ri 

0 

cd 

p 

P 

P 

p 

p 

QD  p 

P 

o5 

0 

P 

P 

• 

>3 

d 

0 

ft 

0 

o5 

& 

!>i 

p 

d 

•rH 

0  p 

0 

0 

0 

•rH 

p 

ft 

i — 1 

ft 

P 

p 

a 

O 

0 

0 

B 

P 

d 

o3 

P 

0 

1  CT  43 

•H 

QD 

P 

ft 

0 

G 

p 

•H 

CO 

bQ 

P 

»\ 

B 

0 

0 

0 

ft 

P 

P 

G 

•H 

ft 

•rH 

0 

0 

0 

1 — 1 

•H 

P 

0 

o 

15 

0 

0 

0  P 

0 

•rH 

•H 

3 

P 

P 

0 

P 

ft 

ft 

0 

•H 

•  • 

0 

0 

P 

0 

p 

ft 

0 

0 

0 

P 

0 

1 — 1 

G 

ft 

G 

0 

W 

CO 

p 

•H 

o 

o5 

o5 

P 

P 

.p. 

i  0 

0 

0 

G 

N 

P 

ft 

0 

0 

•n 

o5 

0 

w  p 

H 

»H 

o 

0 

0 

P 

p- 

H  P 

p 

P 

G 

0 

•rH 

G 

0 

43 

0 

p 

rP 

0 

p 

•H 

0 

P 

P 

o5 

p 

P 

0 

0: 

5  o5 

P 

0 

0 

0 

0 

1 — i 

P 

G 

H 

P* 

P 

P 

0 

o 

P 

0 

p 

l>3  ^ 

5 

1 — 1 

0 

P 

ft 

0 

0 

P 

P 

•H 

P 

p 

P 

0 

p 

P 

P 

£ 

0 

>3 

p 

P 

G 

P 

ft 

0 

0 

ft 

d 

0 

•H 

p 

o 

0 

o 

0 

& 

0 

P 

r- 

{  0 

P 

P 

0 

p 

P 

43 

1>3 

0 

O 

o 

o5 

43 

o5 

•H 

0 

C 

)  -H 

cd 

•H 

P 

>3 

0 

0 

3 

•H 

0 

0 

05 

P 

0 

0 

0 

>3 

P 

P 

i  rp 

ft 

ft 

P 

p 

1 — i 

>3  P 

ft 

0 

p 

p 

0 

h 

w 

O 

P 

0 

0 

0 

qD 

P 

0 

•rH 

p 

P 

P 

P 

P 

0 

p 

P 

p 

p 

0 

0 

P 

P 

•H 

h 

•r-D 

0 

H 

0 

P 

!  P 

P 

P 

P 

•H 

G 

0 

ft 

G 

G 

G 

G 

P 

H  • 

•H 

0 

P 

p 

d 

P 

P 

c 

t  0 

o5 

0 

Is 

ft 

1 — 1 

ft 

ft 

0 

d 

P 

& 

•H 

p 

P 

0 

P 

P 

P 

d 

0 

P 

P 

p 

p 

O 

p 

p  qD 

P 

o5 

P 

rH 

0 

0 

*iH 

0 

0 

•p  p 

P 

0 

0 

o\ 

0 

P 

0 

0 

p 

p 

P 

P 

•H 

O 

0 

0 

p 

P 

B 

P 

0 

p 

1  P 

o5 

P  VO 

•rH 

0 

P 

ft 

G 

H 

O 

■P 

d  d 

P  P 

P 

P 

0 

o5 

P 

p 

:  ft 

1 — 1 

p 

Ov  P 

0 

G 

g 

o 

P  o 

O 

O 

•H 

C7^ 

P 

P 

0 

ft 

P 

0 

0 

o5 

0 

1 — ! 

P 

0 

ft 

Is 

p 

CO 

0 

p  p 

P 

P 

0 

• 

0 

o3 

P 

ft  P 

•N  t3 

ft 

B 

ft 

G 

P 

0 

p 

ft 

. 

P 

p 

P 

0 

0 

0 

O 

p 

o5 

03 

0  1 

P 

P 

0 

P 

ft 

G 

•H 

ft 

G 

0 

0 

•H 

o5 

m  ^ 

0 

o 

0 

P 

0 

0 

0 

P 

03 

0 

P 

•rH 

P 

ft 

0 

P 

ft 

0 

P 

1 — I 

I — 1 

d 

o5 

!> 

0 

P 

P 

0 

P 

•rH 

•rH 

> 

P 

•N 

0 

d 

p 

P 

•rH 

1 - 1 

P 

d 

0  s 

o5 

P 

o3 

P 

•H 

•H 

0 

*H 

*H 

P 

P 

P 

P 

0 

ft 

•rH 

•H 

0 

ft 

ft 

P 

p 

p 

O 

S 

P 

P 

B 

P 

P 

0 

o5 

0 

P 

ft 

0 

0 

Is 

ft 

ft 

G 

O 

0 

•H  0 

•H 

CD 

•H 

P 

•H 

P 

■P 

EH 

1 — 1 

•P 

P 

0 

0 

G 

0 

0 

0 

B 

B 

G 

•H 

P 

O 

P  0 

P 

B 

0 

0 

P 

0 

P 

03 

P 

P 

p 

B 

G 

P 

1 — 1 

0 

•rH 

0 

p 

P 

P 

P 

o5 

•H 

P 

P 

P 

0 

0 

P 

0 

ft 

0 

•rH 

G 

0 

O 

P  p 

P 

r— 1 

0 

05 

•H 

0 

0 

• 

!> 

0 

P 

p 

0 

P 

0 

0 

rH 

> 

o 

o  p 

O 

0 

1 — 1 

rH 

P 

P 

0 

P 

p 

QD 

0 

P 

•H 

P 

0 

ft 

0 

ft 

P 

•rH 

1 — 1 

CO 

P  ^ 

0 

• 

•H 

P 

H  P 

0 

0 

1 

0 

o5 

0 

0 

P 

P 

P 

G 

0 

0 

CO 

S 

0 

•s 

P 

o5 

p 

0 

P 

0 

P 

0 

b 

p 

P 

p 

ft 

0 

G 

0 

Ph  ■ 

■H 

O  P 

0 

0 

H 

S 

0 

P 

P 

P 

•rH 

P 

P 

0 

•rH 

0 

0 

ft 

0 

0 

0  . 

•i— 1  o5 

P 

0 

0 

P 

P 

P 

0 

0 

0 

p 

•rH 

P 

>3 

0 

0 

0 

0 

ft 

0 

P 

P 

o 

0 

O 

O 

0 

0 

P 

0 

1 — 1 

o5 

G 

P 

ft 

P 

•H 

0 

■rH 

p 

0 

CO  1 

f— i 

03 

0 

o5 

’H 

15  ■ 

•H 

P 

ft 

0 

0 

o5 

0 

Is 

P 

P 

G 

|> 

G 

> 

ft 

p 

tsi 

p 

O  ' 

P 

P  ■ 

P 

O 

P 

o5 

P 

1 — I 

•rH 

P 

0 

0 

P 

ft 

ft 

G 

ft 

ft 

O 

•H  O 

p 

o 

P 

P 

P 

P  , 

P 

0 

0 

P 

QD  P 

P 

0 

G 

P 

>3 

P 

ft 

p 

•rH 

P 

• 

P  ’H 

0 

p 

p 

o5 

0 

0 

Ch 

P 

P 

l>3 

0 

P 

0 

0 

0  , 

ft 

3 

0 

ft 

1 

CO 

0  p 

S 

p 

0 

B 

P 

0 

1 — 1  ' 

P 

P 

0 

P 

0 

P  ■ 

■rH 

0 

ft 

0 

P 

p 

P  P 

0 

bD 

P 

0 

0  - 

P 

0 

o5 

0 

P 

o5 

P  , 

P 

0  ' 

P 

ft 

0 

•H 

0 

p 

O  0 
o3  ‘H 

f> 

O 

P 

0 

> 

o  , 

n 

QD  • 

0  i 

P 

EH 

B 

P 

P 

g 

0 

ft 

S 

0  « 
0  ' 

>rH 

P  - 

0  . 
•rH 

•rH 

P 

ft 

p 

P 

0 

p 

0 

fH 

0 

O  ' 

’H 

P  P 

P  - 

P  1 

P 

P 

'H 

0 

0  ( 

1 — 1 

0 

P 

P 

QD 

0 

0 

0  < 

■rH 

G 

ft 

pq  P 

o5  "H 

& 

N  . 

P 

& 

0 

*H  , 

P 

p  . 

0  , 

P 

0 

G  < 

'H  ( 

ft 

0 

ft  . 

P 

P  ■ 

P 

UJ 

0 

d  ■ 

■H  P 

B 

0 

P  p 

•  - 

P  P 

vP  . 

P 

W  , 

P 

ft 

0 

0 

0 

G 

P 

P 

p 

o  P 

M  ■ 

-a 

M 

tsi 

0 

0 

0 

p 

o5  ■ 

P 

B 

ft 

0 

P 

0 

0 

w 

0 

H  p 

o5 

0 

P 

0 

>3 

0 

0 

43 

P 

0 

P 

»N 

0 

0  < 

1 

■rH 

0 

0 

0 

^  t5 

' — ^ 

QD 

CC 

f 

H 

•H  H  . 

P  , 

n  . 

f-j  . 

tH 

p 

0 

P  i 

ZJ 

0 

0 

QD 

ft 

0 

1 — I  'H 

C\J  • 

H 

0 

KA 

QD 

P 

P 

Ch 

P 

QD 

P 

P 

0 

0  1 

ft 

G 

^  . 

0  • 

’rH 

ft  . 

p  4J) 

0 

'' — ^ 

P 

0 

EH 

P  P  • 

H 

o5 

P 

ft 

ft 

P  . 

n  , 

p 

P 

C  ' 

QO  P 

0 

0 

•  < 

■H 

0  P  ^ 

0 

P 

l>3 

• 

’rH 

P 

0  . 

P 

P  ft 

H 

0 

0 

0 

O 

B 

0 

P 

G 

P 

0 

P 

0 

0 

0  • 

rH 

0  • 

■H 

0  QD 

O 

o3 

r 

H 

□3 

P 

P 

P 

0 

p 

P  - 

P 

P  P 

> 

0 

P  ft 

> 

P  P 

P 

H  r 

o3 

0  0 

o5  p 

0 

d 

P 

0 

G 

G 

0  , 

P  < 

ft 

0 

ft  0 

4H 

P 

P 

P 

P 

p  m 

0  ■ 

H  r 

0 

<  • 

H 

rH 

P 

ft 

0 

0  ft 

p  0 

426 


MICROSTRUCTURES  OF  SPUN  MULLITE  FIBERS 

MAGNIFICATION  =  65,000  X 


o 

o 

CM 

CM 

< 


ro 

O 

_CJ 

< 

I 

O 

•  • 
o 
tr 

X 


427 


XRD:  MULLITE  XRD:  MULLITE 

PLUS  UNIDENTI¬ 
FIED  PHASE 


(D 

w 

X 

P  P 

P 

p 

P 

0 

o3 

P 

p 

0 

( — 1 

P 

p 

0 

o 

p 

X 

p 

0 

P 

o 

P 

!  P 

g 

X 

•H 

^ 

p 

•H 

x 

p 

0 

•  w 

O 

p 

P 

p 

0 

P 

•rH 

1 

p 

ft 

P 

0 

•H 

P 

P 

p 

p 

'  p 

P 

w 

0 

p 

P 

•H 

0 

o 

a 

'  'H 

0 

P 

P- 

w 

p 

P 

*H 

CC 

:  o3 

P 

> 

•H 

p 

P 

P 

o 

P 

CO 

•H 

H 

0 

0 

> 

• 

♦H 

p 

1  W 

O 

P 

H 

P 

p 

0 

•H 

-ft 

02 

P 

•H 

P 

0 

p 

bD 

H 

I — 1 

P 

• 

O 

P 

\  cu 

X 

P 

0 

P 

•H 

P 

0 

0 

P 

o 

*  > 

0 

X 

0 

P 

0 

P 

S 

0 

s 

•H 

!  P 

P 

p 

P 

^20 

P 

0 

0 

fciD 

o 

P 

'  CO 

P 

o 

P 

p 

•H 

•H 

> 

P 

a 

P 

1  CO 

0 

•H 

•H 

ft 

p 

P 

0 

P 

I  CD 

r— 1 

X 

P 

0 

•H 

P 

P 

hP 

P 

i  o 

Lft 

X 

_p 

P 

0 

•H 

0 

ft 

0 

o 

c 

•  X 

O 

P 

•H 

P 

P 

P 

0 

CVJ 

p 

1  CD 

C\J 

P 

H 

0 

ft 

•H 

ft 

•H 

H 

ft 

m 

•H 

H 

p 

0 

P 

<: 

(U 

1  p 

X 

( — 1 

o 

p 

0 

0 

P 

1 

p 

•  P 

p 

0 

p 

P 

o 

W 

ft 

0 

P 

0 

CVI 

p 

1  CD 

p 

P 

o 

P 

P 

•H 

o 

1  > 

p 

O 

0 

0 

p 

0 

0 

P 

0 

•H 

J — 

1  ^ 

P 

0 

0 

ft 

0 

CO 

!  p 

rft 

0 

0 

0 

P 

•HD 

0 

P 

i  ft 

O 

ft 

P 

x 

0 

P 

0 

o 

CVJ 

• 

P 

•H 

• 

P 

ft 

•H 

QJ 

1  ^ 

pq 

0 

P 

P 

0 

P 

m 

02 

X 

1  P 

p 

P 

0 

X 

0 

P 

P 

P 

0 

K 

P  o3 

P 

P 

P 

P 

•iH 

0 

P 

0 

P 

p 

02 

w 

0 

0 

P 

r— 1 

X 

P 

X 

d 

0)  02 

0 

•H 

ft 

X 

X 

•H 

P 

•iH 

P 

M 

(D 

P 

>  P 

> 

Ch 

P 

•H 

0 

P 

Ch 

P 

PI 

O  CD 

•H 

0 

0 

0 

P 

0 

l>^ 

P 

;  N 

P 

W 

HO 

P 

o 

0 

0 

P 

P 

X 

c 

)  P 

'H 

P 

O 

1 — ! 

0 

ft 

P 

0 

Eh 

O 

p 

)  P 

P 

•H 

P 

O 

K 

0 

P 

0 

M 

-P 

fii  ‘H 

P 

I>i 

W 

0 

0 

40 

ft 

X 

1-^ 

X 

03 

P 

•rH 

0 

> 

P 

1 

ft 

X 

X 

Q) 

fr3  03 

P 

X 

P 

•H 

0 

P 

P 

X 

5 

P 

1  P 

P 

& 

o 

P 

0 

40 

•H 

0 

o3  02 

0 

S 

0 

•H 

P 

•H 

P 

d 

0 

S 

CO 

O 

P 

p 

X 

0 

rft 

H 

p 

0 

00 

p 

1  CD 

P 

o 

P 

0 

X 

0 

j_-| 

0 

ft 

o 

OJ 

CD 

(U  P 

o 

p 

P 

0 

3 

40 

P 

oq  p 

p 

0 

• 

0 

0 

Ph 

<D 

03 

•r- 

1  P 

H 

0 

o 

0 

ft 

p 

U 

1  03 

P 

0 

P 

p 

4J 

P 

0 

0 

0 

CQ 

P 

CO 

03  P 

P 

p 

0 

p 

0 

p 

t— 1 

0 

p£J 

w 

(U 

P 

j  CD 

0 

p 

P 

p 

0 

ft 

p 

d 

0 

•H 

>> 

<D  ft 

w 

O 

p 

r-\ 

ft 

P 

•H 

M 

P 

•H 

P 

1  s 

0 

p 

P 

p 

X 

P 

p 

•H 

P 

l>i 

EH 

P 

•r- 

i  ^ 

P 

•H 

o 

»H 

0 

0 

P 

P 

M 

•H 

;  P 

ft 

ft 

4^ 

P 

p 

P 

P 

•rH 

P 

X 

ft 

P 

> 

X 

P 

•P 

o3  P 

0 

0 

H 

•H 

0 

3 

0 

P 

•H 

o3 

W 

p 

P 

P 

0 

p 

ft 

P 

0 

X 

CO  P 

P 

.H 

0 

p 

•H 

0 

P 

p 

P 

P 

tr 

1 — 1 

P 

S 

P 

*r-D 

P 

p 

O 

02 

P 

P 

P 

0 

0 

0 

0 

?H 

-p  02 

• 

CO 

P 

P 

p 

P 

s 

CQ 

0) 

O  03 

w 

p 

0 

d 

0 

0 

0 

P 

1 — ! 

CO 

p 

o3 

0 

1 — [ 

o 

ft 

P 

X 

•H 

0 

0 

P 

o 

•H 

P 

1 — 1 

o 

o 

•H 

ft 

P 

P 

p 

Ch 

C 

)  o 

p 

•H 

X 

•H 

Ch 

p 

p 

P 

p 

>  03 

CO 

d 

P 

X 

0 

0 

p£j 

(D 

O 

W 

ft 

P 

p 

0 

0 

0 

X 

P 

K 

P 

■^  o 

ft 

P 

p 

P 

0 

P 

p 

d 

P 

P 

•H 

P 

)  4J 

X 

15 

ft 

> 

P 

p 

P 

rH 

CO 

0 

02 

0 

1 — 1 

X 

0 

X 

p 

) 

0 

0 

0 

P 

p 

0 

•H 

0 

•[— 

1  P 

4-) 

h 

P 

P 

0 

40 

ft 

p 

P 

1> 

p  p 

P 

p 

P 

P 

X 

•H 

ft 

0 

•H 

0 

O 

0 

CO 

P 

Is 

p 

0 

0 

ft 

p 

-V  O 

p 

O 

0 

1 — 1 

0 

0 

ft 

o 

0)  OJ 

C7^ 

ft 

P 

0 

1 — 1 

P 

P 

w 

ft 

P 

P 

,  CO 

0 

X 

ft 

I> 

•[H 

0 

p 

p 

•H 

p 

o: 

> 

) 

02 

0 

Is: 

■H 

|5 

P 

p 

•H 

0 

O 

•N 

X 

o 

P 

P 

0 

P 

0 

W 

•H 

(D  iri 

p 

1 — 1 

1 — 1 

•H 

P 

i£ 

0 

•H 

P 

P 

CO  p 

02 

X 

O 

P 

p 

P 

Z 

•H 

O 

(D  o3 

p 

X 

•H 

0 

0 

X 

P 

P 

X 

) 

) 

X 

p 

P 

P 

0 

•H 

X 

P 

•H 

E- 

1  02 

P 

0 

p 

|5 

p 

P 

P 

o 

CD 

o3 

p 

p 

0 

P 

p 

X 

P 

p 

P 

p 

I — 1 

0 

X 

p 

X 

p 

•  P 

W 

p 

X 

P 

P 

p 

p 

0 

02  p 

P 

w 

0 

p 

0 

• 

•H 

p 

p 

p 

CD 

d)  P 

•H 

p 

o 

p 

X 

P 

0 

0 

•s 

P 

COl  P 

P 

•H 

1 — 1 

0 

•H 

0 

•N 

•H 

n 

X 

P 

C 

>  CD 

•H 

ft 

Ch 

•H 

0 

l>i 

P 

p 

ft  ft 

P 

P 

0 

0 

P 

P 

P 

0 

p 

P 

P 

i  S 

X 

X 

p 

0 

P 

0 

•H 

P 

P 

p 

M 

{  CD 

bD 

o 

40 

X 

P 

H 

P 

P 

ft  P 

P 

p 

X 

•iH 

P 

•H 

*P 

p 

•H 

0 

iH 

H 

ft 

X 

s 

0 

C 

>  l5 

P 

X 

P 

0 

H 

bb 

p 

P 

0 

p 

Is 

:  o 

3 

•H 

O 

p 

ft 

0 

p 

H 

P 

p 

p 

>  1 — ) 

X 

P 

15 

EH 

X 

0 

P 

P 

0 

428 


05  ^ 
0)  c6 
^  <D 


cd 


(L)  QJ 


&  Pi 


03 

G 

e  the 

ft 

P 

G 

G 

'ft 

o5 

W  p 

P 

•H 

G‘  o5 

o5 

P 

•H  -p 

G 

w 

ft  ft 

M 

ft 

bD 

P  ‘d 

CO 

G 

P 

G  s 

ft 

o5 

•H 

Pi  G 

ft 

P 

ft 

0 

cd 

o5 

P  H 

G 

ft 

0 

Pi  o5 

•HOG 

H 

P^  O  w 
ft  -p  03 

p 


03 

P 

o 

-p 

G 

05 

P 

-P 

P 

O 

G 

rP 

P) 

o 

pp 


ti0 


w 
g  -p 
OQ  G 
05  G 
H  ft 
ft  ft 
G 
G 

P  H 

g3  I — I 


••  G 

w  H 


G 

•H 

-P 

•H 

H  ft  p> 


'H 

G  *7:5 
o5  P 
ft  05 


ft  o5 


G 


P 

•H 

H 

m 
ft 

o 

ft  +3 

o 

G 
03 

O 

& 

G 


05 

G 

P 

O 

P 

G 

ft 

43  . 

m 

P  -H 
ft  ft 
w  o5 
o 

G 


-^-p 


G 

03 

P 

O 

ft 

w 

G 

ft 

1—1 

05 

ft 


bO 

P 

•H 

G 

ft 

G 

1> 

•H 

ft 

G 

G 

> 

P 

O 

G 


G 

G 

O 

-P 

o5 

ft 

-P 

03 

G 

bO 

P 

o5 

ft 


S 

G 

03 

W 

P 

G 

G 

G 

o5 

ft 

ft 

o5 

o5 

•H 

Pi 

1 — i 

P 

G 

s 

P 

W 

1 — i 

1 — ! 

G 

•H 

g 

ft 

W 

o5 

G 

g 

P 

o5 

P 

o5 

ft 

o5 

P 

ft 

G 

P 

•H 

ft 

G 

0 

0 

G 

03 

G 

p 

ft 

1—1 

0 

G 

P 

G 

> 

P 

H 

Pi 

G 

•H 

03 

G 

•(H 

CO 

ft 

G 

§ 

0 

•H 

CO 

03 

ft 

o5 

•rH 

> 

ft 

Eh 

o5 

P 

> 

ft 

G 

G 

G 

G 

G 

03 

0 

03 

P 

& 

P 

P 

ft 

P 

ft 

g 

o5 

p 

ft 

•H 

ft 

o5 

ft 

ft 

G 

ft 

G 

PQ 

Pi 

0 

• 

Pi 

•H 

G 

03 

bD 

0 

ft 

ft 

H 

ft 

ft 

P 

0 

G 

G 

t — 1 

bD 

bD 

OJ 

o5 

o5 

ft 

G 

•H 

ft 

ft 

03 

ft 

05 

P 

P 

'• — ^ 

G 

•H 

P 

1 — 1 

G 

p 

P 

•H 

•H 

•H 

P 

-P 

•H 

ft 

ft 

0 

03 

P 

G 

03 

o5 

Pi 

p 

03 

o5 

ft 

ft 

43 

G 

o5 

03 

0 

G 

0 

o5 

05 

0 

G 

P 

G 

G 

G 

G 

G 

ft 

S  ft 

ft 

o5 

g 

p 

430 


EFFECT  OF  MULTIDIRECTIONAL  PRESSING 
ON  SILICA  RSI  STRENGTH 


451 


RSI  TECHNOLOGY  STATUS 


ft 

ft 

-p 

m 

P 

ft 

0 

ft 

c5 

CD 

P 

I — 1 

P 

> 

•H 

•H 

CD 

o3 

ft 

CO 

P 

ft 

ft 

P 

•H 

(U 

CD 

P 

ft 

W 

CO 

> 

•H 

P 

bD 

0 

CD 

P 

S 

P 

P 

CD 

ft 

rP 

•H 

& 

ft 

-P 

o 

P 

-P 

a 

•H 

CD 

c^3 

•H 

-P 

ft 

cu 

CD 

0 

0 

p 

rP 

0 

P 

CD 

03 

CD 

h 

CD 

CO 

CD 

p 

0 

H 

p 

a 

ft 

-p 

•H 

m 

rP 

0 

0 

P 

CQ 

CD 

p 

ft 

CO 

> 

ft 

Ch 

CO 

o3 

P 

O 

(D 

• 

ft 

p 

CD 

p 

ft 

-P 

m 

0 

CO 

a 

0 

0) 

0 

0 

CD 

CD 

•H 

p 

P 

•H 

p 

*r-D 

-P 

ft 

ft 

-P 

p 

0 

P 

P 

P 

0 

P 

Q) 

-p 

CD 

CD 

ft 

ft 

p 

-H 

ft 

O 

p 

0 

CD 

CD 

P 

0 

15 

P 

ft 

ft 

ft 

•H 

ft 

-P 

-P 

ft 

!>i 

CD 

•H 

ft 

ft 

*P 

P 

ft 

o3 

03 

P 

-P 

tiD 

03 

0 

ft 

ft 

•H 

P 

•H 

-P 

-P 

-p 

CO 

CO 

o3 

g 

!>^ 

P 

•ft 

rP 

-P 

0 

ft 

5 

P 

-P 

o3 

P 

ft 

0 

P 

rP 

ft 

^ 

p 

-P 

-P 

CO 

CD 

o 

■5 

CO 

• 

I — 1 

KA 

0 

o3 

m 

CD 

ft 

CD 

CD 

CD 

> 

•H 

0) 

CO 

-P 

ft 

ft 

o3 

CO 

o3 

0 

ft 

P 

P 

0 

-P 

>:> 

CD 

tiD 

CO 

•H 

o3 

0 

CO 

ft 

•H 

-p 

p 

[Li 

r-j 

P 

CD 

bD 

CD 

CO 

P 

•H 

P 

P 

b 

•H 

CO 

o3 

•H 

p 

(U 

CO 

-P 

-p 

& 

p 

o3 

-P 

03 

0 

P 

rP 

cc3 

CD 

o3 

p 

ft 

ft 

ft 

bD 

CO 

0 

-P 

P 

P 

Q) 

CO 

-P 

P 

•H 

■p 

iH 

CD 

P 

P 

r— 1 

c^3 

ft 

o3 

a 

P 

p 

ft 

•H 

0 

0 

-H 

03 

ft 

CD 

CO 

P 

i — 1 

ft 

o3 

p 

•H 

P 

EH 

-P 

-P 

o3 

P 

o3 

> 

ft 

ft 

CD 

o3 

P 

• 

-P 

P 

o3 

P 

t3 

•iH 

Is 

P 

CO 

CD 

ft 

0 

c5 

0 

p 

-H 

CD 

P 

a 

ft 

p 

p 

CO 

CD 

CD 

CD 

ft 

ft 

CO 

b 

1 — 1 

0 

ft 

<D 

ft 

o3 

ft 

P 

P 

P 

P 

ft 

0 

CO 

0 

0 

-P 

0 

bD 

p 

-P 

M 

CO 

ft 

P 

o3 

0 

o3 

•H 

o3 

CD 

-P 

CD 

ft 

• 

P 

o3 

ft 

CO 

P 

o3 

0 

ft 

P 

CD 

(D 

0 

ft 

•H 

& 

CO 

-P 

-P 

cc3 

CD 

ft 

ft 

•H 

ft 

CO 

• 

g 

-P 

ct3 

a 

CO 

P 

CO 

0 

qD 

CD 

P 

•H 

0 

ft 

CO 

P 

ft 

CD 

o3 

CT" 

ft 

P 

0 

> 

0 

p 

•r-f 

-P 

a 

ft 

[> 

(D 

P 

0 

b 

a 

P 

p 

CD 

p 

0 

H 

•H 

-P 

CO 

CO 

ft 

H 

H 


•s 

0 

p 

1 

H 

CO 

p 

a 

CO 

p 

P 

ft 

0 

ft 

ft 

p 

0 

a 

ft 

0 

ft 

p 

0 

0 

0 

H 

bD 

ft 

in 

0 

0 

P 

CO 

-p 

ft 

ft 

•H 

-p 

•H 

CO 

0 

H 

0 

H 

p 

CO 

0 

iH 

ft 

p 

0 

ft 

P 

P 

CO 

0 

0 

CO 

•rH 

0 

p 

ft 

Pi 

CO 

P 

P 

0 

P 

bD 

ft 

rH 

P 

H 

P 

H 

■b 

•rH 

P 

P 

p 

P 

0 

-P 

0 

• 

P 

P 

P 

CO 

ft 

0 

P 

0 

0 

0 

0 

0 

0 

0 

a 

P 

ft 

P 

0 

P 

P 

-P 

0 

•H 

P 

a 

ft 

ft 

P 

0 

0 

ft 

*H 

> 

0 

P 

ft 

0 

rH 

p 

P 

0 

P 

•H 

ft 

ft 

l> 

0 

ft 

p 

CO 

0 

a 

•rH 

p 

p 

a 

P 

0 

p 

0 

& 

H 

P 

ft 

ft 

p 

a 

p 

ft 

p 

0 

CO 

•H 

0 

0 

tS! 

!>5 

ft 

P 

CO 

•rH 

CO 

0 

ft 

H 

P 

ft 

-p 

0 

P 

0 

bD 

p 

P 

•rH 

P 

P 

0 

0 

P 

0 

•rH 

P 

p 

0 

P 

ft 

bD 

CO 

P 

P 

P 

>5 

0 

P 

P 

•rH 

1 — 1 

d 

•rH 

a 

ft 

ft 

0 

P 

0 

ft 

P 

0 

P 

•H 

• 

0 

ft 

•rH 

ft 

p 

ft 

EH 

r— j 

0 

d 

CO 

P 

CO 

•rH 

a 

ft 

• 

p 

0 

0 

ft 

•rH 

ft 

p 

rH 

0 

0 

P 

CO 

P 

p 

ft 

P 

ft 

-p 

0 

•rH 

0 

p 

•rH 

P 

P 

ft 

p 

ft 

CO 

cP 

CO 

0 

0 

0 

3 

P 

ft 

P 

a 

ft 

ft 

CO 

a 

ft 

0 

CO 

P 

■fe 

0 

ft 

P 

p 

0 

p 

H 

P 

P 

p 

ft 

0 

P 

p 

•H 

p 

0 

CO 

p 

P 

p 

P 

H 

p 

p 

CO 

ft 

0 

0 

0 

a 

•rH 

•rH 

Is 

p 

P 

-B 

CO 

0 

P 

0 

P 

P 

P 

ft 

P 

ft 

0 

ft 

a 

40 

•H 

a 

ft 

fH 

0 

P 

p 

ft 

> 

•rH 

p 

0 

0 

ft 

0 

• 

CO 

CO 

P 

p 

CO 

!>> 

0 

b 

p 

& 

P 

ft 

> 

0 

CO 

a 

P 

0 

H 

0 

ft 

a 

•H 

P 

P 

0 

CO 

0 

a 

P 

H 

0 

p 

H 

0 

0 

0 

ft 

p 

CO 

CO 

> 

CO 

H 

0 

ft 

0 

•rH 

p 

H 

CO 

p 

P 

0 

P 

0 

& 

P 

P 

0 

a 

CO 

ft 

a 

ft 

p 

p 

p 

43 

•rH 

0 

P 

0 

•rH 

ft 

P 

ft 

ft 

-B 

EH 

• 

0 

0 

p 

P 

P 

P 

CO 

P 

p 

0 

P 

p 

0 

0 

•s 

0 

• 

p 

CO 

ft 

CO 

CO 

a 

•rH 

ft 

ft 

H 

•rH 

43 

p 

P 

0 

•H 

0 

b 

•rH 

ft 

P 

0 

P 

0 

w 

P 

CO 

ft 

H 

P 

ft 

0 

bD 

•H 

0 

H 

ft 

CO 

p 

•rH 

ft 

0 

P 

P 

p 

ft 

CO 

ft 

P 

432 


UJ 


CD 


I — 
CD 

>- 

CD 

O 

_J 

O 


o 

UJ 

h- 

CD 

or 


□r 

< 

UJ 

>- 


cn 

< 


Q 

Ul 

> 

O 

CC 

CL 


UJ 

or 

CD 

cn 

< 

cr 

UJ 


Ul 

cr 

Z) 

2 

o 

H 


<  V 

CO  ^ 

UJ  S: 

i  2 

X 

-r  ^ 

t  5 

Q 
Ul 

o  q:  Qc 
Ul  I- 
Or  CD 

Ul  Z  5 
I-  o  9 
I-  QC 


CO 

CD 

o 


Ul 


o 

Ul 

a: 


I — 

i  3 

I-  g 

<  o 

(T  DC 
Ul  0- 


Q_ 

O 


3 

CL 

CO 


Ul  I- 
CD  CO 


Ul 

Q 


Q 

UJ  _j 

UJ  X 
QC  UJ 
O  H 

3  y 

^  m 

CE  o 

feg 

§§ 

S  0. 

Ul  Ul 
Q  DC 


CO  CD 

I-  < 

X  QC 
^  CO 


< 


X 

Ul 

X 


o 

u 

Ul 

3 

o 

Ul 

Q 

< 


Q 

< 


CO 

UJ 

3 


Q 

< 

O 

O 

X 

CO 


Ul 

h- 

Ul 

3 


0. 


o 


o 


I- 

o 


CO 


o 

ro 


i 

Q 


lii 

> 

O 

QC 

a. 


< 

Ul 

QC 

CO 


Ul 

3 

00 

o 

DC 

CL 


I —  _ 

O  CO 
Z  QC 


O 

CL 

O 

DC 

go 


Ul 

a: 

o 


iLi 

CD 

z 

o 

X 
I — 
CO 


12 

Ul 
QC 


>- 

o 

< 

3 


CO 

CO 


O  Ul 
Ul  QC 

9 

<  CO 


o 

o 


3 

t  ill 
30  P 


Ul 

CO 

o 

CL 

CO 

3 

X 

CO 

QC 


I 


•H 

fin 


^53 


UNDERSTOOD 


>> 

1 

A 

HH 

3 

to 

CP 

•r- 

E 

3> 

0 

E- 

to 

0 

E 

ro 

3 

E 

to 

•r— 

ro 

CP 

M- 

O- 

CP 

3 

4-> 

c 

3 

E 

C 

\ 

-«-> 

XJ 

5^ 

ro 

ro 

E 

*P 

3 

0 

x: 

to 

CP 

to 

0 

CP 

to 

•1— 

>> 

N 

to 

CP 

a 

3 

“3 

•i-> 

•r- 

to 

•f— 

rO 

JZ 

4-> 

E 

CP 

fO 

x: 

X3 

tr— 

+J 

to 

ro 

3 

x: 

•r- 

3) 

3 

CP 

-P 

Eh 

3 

CP 

+-> 

CD 

+J 

0 

3 

r— 

ccJ 

to 

c 

0 

.p- 

rO 

E 

•r— 

4J 

ro 

M- 

•rH 

• 

Cl 

0 

OQ 

CP 

> 

•r— 

0 

•1— 

4- 

> 

E 

3) 

E 

•rH 

H- 

ro 

0 

CP 

CP 

E 

CP 

Eh 

rf\ 

"O 

0 

• 

E 

3 

•1— 

4-> 

4-> 

U2 

CP 

CP 

E 

E 

3 

E 

N 

ro 

•1— 

• 

TO 

N 

4-3 

•P— 

0 

.p~ 

•r“ 

E 

\< 

t/) 

as 

fO 

0 

E 

•r- 

o 

"O 

.i~ 

U 

-P 

•P 

■P 

E 

•r— 

HH 

3 

T3 

Fh 

•r- 

to 

•1— 

Xi 

ro 

<P 

E 

C>0 

Ph 

r— 1 

C7) 

E 

p— 

0 

CJ 

■3 

-P 

*r— 

3 

to 

rh 

C^ 

0 

•1— 

E 

ro 

E 

ro 

Eh 

d 

0 

to 

0 

r— 

ro 

(U 

<P 

o 

o 

o 

-P 

3 

<P 

3 

H- 

p 

H-» 

CO 

to 

E 

3 

to 

3 

ro 

CP 

0 

M- 

0 

r— 

■P 

<P 

T3 

.f^ 

fO 

E 

S- 

ro 

3 

E 

3 

5 

o 

in 

•r- 

CP 

CP 

M- 

S- 

CP 

-P 

r  K 

K 

c 

<u 

S- 

CP 

’e 

3 

■3 

E 

JZ 

-p 

E 

3 

E 

in 

CP 

CP 

O 

•> 

-o 

4-> 

I—" 

to 

E 

+-> 

■P 

■P 

o 

Eh 

t  . 

1 

<t5 

<0 

X 

(p 

3 

3 

CP 

rO 

0) 

Kw 

M 

<P 

2: 

s 

0 

E 

E 

<P 

E 

0) 

u 

0 

CP 

0 

3 

E 

-P 

o 

►>> 

<D 

0 

1— 1 

CP 

to 

as 

H-> 

ro 

3 

CT 

E 

ro 

CP 

>  - 

E 

0 

to 

E 

Z 

S 

CP 

i-_ 

<p 

CP 

r 

•1— 

CP 

+j 

CP 

0 

•r- 

0 

« 

O 

0 

<u 

JZ 

CP 

S- 

E 

-P 

"O 

E 

• 

s- 

1— 

4J 

Q- 

•r- 

E 

•r“ 

CP 

o 

in 

Q 

x: 

•f— 

0 

to 

E 

CP 

3^ 

3 

"3 

w 

0 

+j 

P— 

E 

E 

CP 

3 

•r“ 

•r— 

0) 

QE 

• 

^- 

Q> 

CP 

+-> 

to 

•P 

0 

H 

$H 

?-l 

h- 

M- 

E 

3 

3. 

4J 

sz 

<P 

ro 

+-> 

T3 

o 

"ZL 

0 

0 

E 

rO 

to 

3) 

-0 

-o 

3 

CO 

2 

<p 

\ — 1 

•1— 

•r- 

CP 

E 

to 

o 

+-> 

E 

XI 

to 

3 

to 

E 

0 

E 

C_i 

< 

c^ 

C 

rO 

0 

to 

•r- 

CJ 

0 

tH 

r>. 

0 

•r- 

A 

CP 

•1— 

hH 

Tf\ 

co' 

CO 

O- 

•f— 

i— " 

-0 

CP 

S 

ro 

+-> 

E 

, 

E 

-3 

to 

r“ 

3i 

E 

H-> 

ro 

73 

t3 

0 

Q- 

to 

S- 

ro 

X 

"3 

ro 

•r— 

3 

r-H 

Q. 

ro 

CP 

CP 

-P 

•r“ 

ro 

•1— 

> 

r— 

O) 

to 

JD 

X 

-P 

to 

E 

E 

CP 

ro 

S 

d 

> 

•p 

rO 

+J 

to 

(P 

•1— 

> 

d 

(P 

00 

in 

CP 

E 

to 

ro 

ro 

•P 

3 

CP 

CO 

-o 

CL 

E 

3) 

0) 

E 

3 

ro 

0 

CO 

Eh 

I— 

O) 

0 

sz 

E 

E 

rO 

•P 

CD 

CP 

+J 

E 

E 

to 

p 

(D 

x: 

CP 

(O 

0 

E 

CP 

ro 

3 

CP 

<J 

+J 

>> 

"3 

OQ 

ro 

3 

E 

3 

E 

+-> 

n 

rK 

CO 

+-> 

to 

CP 

CP 

•r- 

3) 

+-> 

0 

<I 

-0 

E 

*4- 

P 

•r— 

-3 

Eh 

• 

S 

CP 

3 

0 

•r- 

• 

3! 

-P 

E 

td 

s- 

XI 

0 

CP 

ro 

CP 

3 

E 

«o 

ro 

tZ3 

HH 

0 

to 

-p 

•1-5 

•p 

3 

• 

rrt 

to 

•r— 

<D 

+-> 

>) 

r— 

3 

A 

+J 

c: 

<p 

*3 

to 

to 

X> 

3) 

3 

to 

E 

3 

►> 

0 

x: 

E 

E 

0 

•r“ 

>> 

0 

E 

E 

CP 

<D 

Q. 

4-> 

(O 

3 

3 

> 

3 

1— 

(D 

•p 

0 

TO 

to 

X 

E 

0 

0 

to 

to 

E 

Q 

E 

•f— 

0 

E 

E 

E 

to 

CP 

0 

to 

0 

CP 

M- 

0 

3 

CP 

3 

ro 

3 

to 

U 

fO 

•M- 

-p 

4-» 

0 

•P 

x: 

to 

H- 

E 

0 

ro 

CP 

M- 

r— 

E 

to 

0 

0 

-P 

5 

-P 

0 

E 

rO 

0 

<C 

to 

•r” 

•r“ 

E 

•r— 

00 

(0 

+-> 

4-> 

on 

M- 

CP 

to 

3 

+-> 

< 

•r- 

as 

to 

rO 

E 

0 

3 

“O 

to 

+-> 

ro 

2: 

E. 

U 

.p- 

r— ' 

0 

to 

0 

r— 

CP 

•r— 

to 

3 

E 

3 

CP 

3 

3 

•4-> 

E 

to 

ro 

0 

E 

E 

to 

as 

•r— 

0 

E 

0 

•r“ 

•P 

■P 

E 

E 

to 

CJ 

.p~ 

CJ 

■P 

E 

to 

to 

•1— 

435 


c 


cn 

1 

•r- 

•I— 

s- 

to 

A 

H- 

a; 

CU 

•r- 

CO 

> 

XJ 

C 

<u 

CO 

CD 

U 

CO 

0* 

o 

•r- 

r— 

CO 

c 

sz 

E 

o 

«3 

O 

fd 

to 

• 

C 

-P 

fd 

T3 

to 

CU 

• 

CU 

“O 

-o 

CU 

u 

E 

■M 

o 

CU 

*a 

fd 

O 

u 

•r- 

to 

CU 

CU 

> 

•r— 

CD 

bJ 

fd 

E 

o 

X 

O 

— J 

CU 

•r- 

s- 

P 

s- 

h~ 

t/) 

>> 

r— 

Q- 

Ql. 

1— 

-Q 

s- 

c: 

CO 

o 

P 

nr 

(U 

"D 

•r“ 

p 

c 

CU 

CU 

CU 

-Q 

SZ 

CU 

CO 

E 

UJ 

CO 

r“ 

1—, 

Q. 

o 

4J> 

•1— 

U 

•r— 

O 

O 

m— 

•r— 

o 

U 

D- 

c 

-C 

-C 

p 

fd 

LO 

fO 

CU 

E 

> 

(/> 

4-> 

> 

CU 

CU 

-J 

CO 

CO 

’u 

-o 

c 

_CI 

CU 

CU 

(d 

d. 

o 

x: 

CU 

1 — 1 

1 — 1 

CU 

CU 

s- 

•  n 

CO 

CL. 

r— . 

-o 

o 

CO 

d; 

>- 

•r- 

Cf>. 

c: 

CU 

h~ 

4-> 

1— 

o 

.p. 

CU 

3 

O') 

p 

X 

c 

-C 

CU 

c: 

•r— 

4J 

^  C/) 

E 

CJ 

rd 

CJ 

or 

i-H 

3 

<d 

O 

C 

o 

(D 

•r— 

M- 

CU 

P-. 

lu 

o 

u 

s. 

p— 

CU 

q  fO 

-Q 

3 

•r- 

> 

CU 

U1 

•r— 

to 

X 

s- 

H- 

r“ 

u 

3 

1— 1 

•r-4 

•I — 

U 

CU 

P 

s: 

fa  OJ 

3 

CU 

«% 

X 

fd 

h>H 

—  sz 

CT 

CT; 

s- 

-J 

+-> 

CU 

o 

o 

•1 — 

cu 

r~ 

%- 

X 

Q. 

>- 

u 

CU 

u 

E 

Di 

o 

SZ 

CU 

td 

CU 

CU 

O 

-P 

x: 

c 

X 

p 

i — 

■p 

p 

o 

c 

>5 

CU 

UJ 

U 

CU 

H- 

u 

p 

(O 

o 

CU 

1— 1 

CU 

fd 

3 

cc 

4-> 

s 

> 

CU 

DC 

O 

-p 

u 

u 

1— 

CU 

CU 

CU 

o 

-1-0 

• 

X) 

■O 

p 

>- 

CU 

•r-* 

CU 

DC 

S- 

CU 

u 

r— 

s- 

CD 

1— 

4-) 

•f~> 

CU 

u 

u 

s: 

r— 

jC 

•r— 

o 

fd 

UJ 

a 

P 

r— 

c: 

+-> 

r— 

u 

>5 

CO 

c: 

o 

o 

s- 

CU 

sz 

-o 

p 

to 

to 

•1— 

sz 

fd 

u 

>. 

s- 

CU 

•r— 

u 

to 

u 

X3 

o 

+J 

o 

u 

CU 

•r— 

4-> 

•r“ 

CJ 

CU 

(O 

O 

C-> 

E 

*o 

3 

CU 

CU 

•r— 

>> 

•p“ 

CL 

•r-> 

r— 

s- 

c: 

t/) 

rd 

p 

CU 

cn 

o 

CU 

<c 

4-) 

CO 

CU 

X 

p 

CU 

X5 

CU 

c 

to 

SZ 

C 

X 

(d 

fd 

(d 

p 

o 

X 

457 


RELATIVE  VELOCITY 


DISTRIBUTION  0 


438 


DISTRIBUTION  OF  PEAK  SURFACE  TEMPERATURES 

RSI  TECHNOLOGY  BASELINE 


^  ^ 
vp  ir\  ^  CO  c\j  ^ 

NO  LfN  ^  m  I 

^  CO  CM  I— I  o  csj 


m  cr\  so  ^  CTk  CM 
^  ^  so  Lf\  m 
so  sO  ^  CO  CM  r-l  O 


OJ 


459 


Figiire 


(/) 

<u 

CD 

CO 

*3 

•r— 

03 

-a 

E 

S- 

03 

05 

0 

0 

40 

CU 

1 — ' 

CO 

CO 

s- 

•1— 

3 

i- 

CU 

_c: 

4-) 

cu 

> 

03 

x: 

3 

“O 

S- 

CO 

CU 

CU 

•1— 

c 

0 

CL 

x: 

03 

E 

E 

CU 

A 

UJ 

0 

+J 

cu 

0 

ac 

•r— 

CO 

P 

E 

:s 

03 

03 

3 

CU 

Q 

c 

CU 

CL 

3 

ctr 

>> 

CL 

■D 

«< 

X5 

■P 

zn 

0 

cu 

03 

CU 

S- 

x: 

CU 

s- 

Ul 

OJ 

4-> 

x: 

03 

Q_ 

fO 

1— 

£Z 

cu 

CO 

T3 

CU 

JZ 

c 

UJ 

C 

x: 

p 

•r~ 

CL 

03 

P 

>- 

03 

1— 

CD 

-p 

cu 

CU 

o 

03 

p 

x: 

H— 

3 

x: 

p 

O 

+-> 

-p 

03 

CL 

03 

c 

Q_ 

s- 

“D 

p 

CO 

CD 

c 

c 

c 

CL 

CL 

CD 

03 

<u 

O 

CD 

E 

■D 

cu 

u_ 

u 

cu 

•t— 

A 

d 

GO 

S) 

-J-> 

> 

CU 

0 

d 

t— 

•r-l 

cu 

r— 

CD 

2: 

Ft  « 

u 

CO 

P 

UJ 

HH 

03 

4- 

•r- 

p 

03 

LU 

s- 

•P 

CD 

• 

CL 

3 

1 — i 

> 

CO 

d 

1 — 1 

CO 

— 

cu 

:z) 

P 

0 

O' 

c: 

• 

05 

T3 

UJ 

0 

E 

t— 

CL 

x: 

CL 

•1 — 

05 

CU 

CO 

CJ 

CO 

S- 

%. 

3 

2: 

cu 

CD 

CO 

0 

0 

“O 

0 

CD 

T3 

p 

»*-H 

S- 

03 

00 

CU 

cx 

05 

0 

cu 

UJ 

-C~ 

s- 

Q 

-P 

CO 

0 

CO 

"O 

CU 

p 

CO 

0 

03 

x: 

cu 

:s 

r~ 

0 

P 

JZ 

0 

0 

r— 

-C 

C 

■D 

CO 

x: 

CU 

• 

CU 

u 

x: 

“O 

S-. 

JZ 

cu 

+j 

cu 

cu 

CL 

-p 

p 

03 

cu 

d 

cu 

”0 

p 

3 

CJ> 

x: 

cu 

d 

0 

4_) 

s- 

3 

CJ 

CO 

cu 

0 

d 

•1 — 

c 

p 

CJ 

CD 

-C 

•r— 

d 

d 

1— 

3 

CD 

CO 

-a 

0 

p 

cu 

0 

CD 

CO 

CO 

c 

S- 

3 

3 

cu 

03 

CD 

kko 


DESIGN  REQUIREMENTS  FOR 
PROTOTYPE  TPS  HARDWARE 


hkl 


Figure 


CROSS  SECTION  OF 
SILICA  SURFACE  INSULATION 


m 

^  • 


^  Ar  't 

VI; 


.■  -■f.viirrfr 

■  ;V:V5fei 

''  * 


D  oc 

yj  ixi 

N  ►“ 

T-  < 

o 

—  Q£ 
OC  Ul 


r  '•'■‘A 

'.  J  : ' 


.  V  ,  *■  ■'  ■  I  ■  I  ^ 

^  i  ^  ■  -^  '  ''»  '  \i 

•'  '  ^  ■'• 

■<  ^  ^  *  ■j''^ 


'' .  .'A  ''  v'  ‘  ' 

'  r'-'  .  •.:  '  V  4 


Figure 


CROSS  SECTION  OF 
MULLITE  SURFACE  INSULATION 


DESCRIPTION  OF  MATERIALS  USED 
IN  TPS  PANEL  DELIVERABLES 


•o 


c 

CD 

0) 

o 

SC 

•r- 

•1 — 

+•> 

1 — t 

d 

“O 

+-> 

CO 

3 

fo 

a: 

P 

u 

o 

to 

•r— 

CD 

• 

CD 

r— 

+-> 

SZ 

CD 

CD 

Jd 

Ol 

d 

P 

i- 

P 

P 

D- 

CD 

3 

CO 

fO 

E 

P 

P 

S- 

d 

O 

O 

P 

•r- 

s- 

U 

3 

to 

o 

<xi 

d 

S- 

_Q 

"O 

M- 

-M 

o 

P 

3 

CD 

•1— 

to 

to 

CL 

X3 

CO 

p 

a 

<U 

CO 

CD 

r— . 

CO 

> 

-P 

CD 

S- 

CD 

H* 

•r- 

CO 

P 

> 

Q_ 

O 

CD 

r— 

E 

CD 

LU 

> 

S- 

CL 

•1— 

O 

-a 

O 

(D 

•p— 

CL 

s- 

P 

“O 

cO 

Q_ 

to 

O 

(D 

1 — 1 

d 

o 

> 

</) 

CD 

CD 

CO 

o 

rc5 

,l — 

cc 

•r— 

jd 

P 

P 

P 

CD 

-p 

CD 

03 

1 — 1 

(/) 

CL 

to 

o 

*r- 

oo 

CD 

CD 

CD 

p 

P 

S- 

LU 

-C 

u 

> 

CO 

Q 

o 

r— 

TD 

CO 

> 

ro 

o 

o 

CD 

d 

• 

CO 

O 

u 

> 

•p~ 

CD 

to 

D- 

s- 

d 

U 

s- 

c 

Q- 

CD 

•1 — 

CO 

o 

3 

o 

Q. 

d 

P 

03 

P 

•r— 

fO 

o 

P 

P 

CJ 

P 

O 

CD 

CO 

P 

3 

•f— 

1— 1 

o 

JZ 

03 

“D 

1— 

• 

>, 

p 

d 

<c 

CD 

o 

P 

to 

O 

(D 

U 

n— 

O 

CJ 

ro 

U 

3 

CD 

CO 

CO 

p 

E 

-P 

JC 

CD 

“O 

“O 

& 

u 

p 

*1“ 

o 

03 

CO 

J-H 

•1—4 

S- 

3 

d 

E 

O 

CT 

%- 

• 

03 

p 

•r— 

LU 

o 

4-> 

CD 

-d 

CD 

S- 

CJ 

s- 

to 

S- 

O 

E 

Q- 

"O 

•< 

CL. 

13 

CD 

CD 

LU 

CD 

P 

E 

“O 

•I — 

Cxi 

4-> 

1— 

CD 

d 

P 

:z5 

c 

-P 

3 

CD 

CO 

CO 

CO 

CD 

-P 

S- 

E 

O 

E 

P 

CO 

, — 

CD 

LU 

CL 

-d 

to 

X 

CD 

CL 

_ 1 

a 

to 

_d 

Q_ 

d 

to 

CQ 

>5 

o 

03 

<c 

CD 

CD 

s- 

•r— 

CD 

CL 

CD 

CO 

> 

-d 

fO 

_d 

JC 

Jd 

ZD 

CD 

•P 

E 

P 

3 

P 

LU 

TD 

•r— 

to 

QC 

O 

S- 

to 

to 

i- 

>:> 

P 

Q- 

P— 

•r— 

CD 

O 

CD 

CD 

_d 

P 

O 

r— 

CD 

d 

C7i 

P 

r— 

n3 

-d 

03 

d 

E 

O 

♦f— 

P 

Q- 

•  r- 

to 

03 

d 

d 

JD 

X5 

s 

S- 

JZ 

CD 

O 

3 

d 

O 

CT; 

u 

P 

P 

to 

o 

_d 

o 

CD 

03 

JD 

to 

4-> 

E 

P— . 

o 

CL 

03 

p 

A 

CD 

CD 

1 — 1 

to 

s- 

C>0 

S- 

to 

CD 

3 

s 

+-> 

or 

CD 

1 — ' 

to 

CO 

o 

P 

03 

cO 

•I— 

d 

CD 

03 

•r— 

O 

p 

o 

1 — 1 

« — 

E 

s- 

d 

P 

CD 

(— 

to 

♦—1 

P 

P 

•1 — 

u 

P 

CO 

CO 

o 

_d 

<v 

o 

Ol 

E 

JD 

1— 

p 

448 


REUSABLE  SURFACE  INSULATION 
TPS  DESIGN  CONCEPTS 


PRIMARY  STRUCTURE  APPROACHES 


to 

“O 

3 

to 

0) 

0 

Dl 

O) 

cu 

E 

S- 

X 

CU 

0 

to 

I— 

X 

•r“ 

to 

-!-> 

> 

+-> 

to 

•r— 

U 

XJ 

E 

3 

CU 

>) 

• 

cn 

to 

+-> 

s- 

E 

X 

■0 

E 

CX 

Ol 

to 

cu 

X 

CD 

to 

0 

■O 

to 

to 

cu 

U 

cu 

3 

3 

c 

CD 

CJ 

r— 

0 

x: 

3 

p 

to 

to 

u 

JD 

“D 

0 

p 

E 

0 

E 

•p- 

s- 

CO 

l-H 

E 

-0 

S- 

E 

cu 

Q 

00 

•r- 

CU 

CL 

to 

X 

<C 

ac 

XJ 

•  r— 

1— . 

p 

Cl. 

T3 

•r— 

O) 

<D 

CU 

> 

E 

T3 

CU 

r“ 

Q 

JC 

0 

0 

•r- 

to 

to 

4-> 

3 

S- 

P 

CL 

X 

O 

“O 

cx 

to 

to 

p 

CQ 

E 

0 

"O 

p 

E 

_Q 

•r- 

E 

u 

<U 

cx 

(U 

0 

E 

cu 

s- 

-a: 

*T3 

00 

•r~ 

cu 

to 

CJ 

cu 

0 

E 

+-> 

X 

0 

0 

p 

u. 

to 

•r— 

to 

p 

p 

to 

p 

0 

rO 

>- 

Q- 

S- 

0 

E 

cu 

E 

-5 

CQ 

V 

•4-> 

to 

X 

00 

to 

to 

•f— 

p 

X  ■ 

>s 

Q 

E 

E 

p 

X 

LU 

CD 

CU 

E 

E 

•1— 

E 

•1 — 

0 

U 

1— 

0 

•p“ 

to 

CU 

:s 

“D 

1— 1 

-Q 

S- 

to 

i- 

X 

CU 

> 

bh 

0 

s- 

s- 

P 

5 

0 

U 

0 

•  pH 

-p 

to 

p 

3 

or 

pLl 

CL 

to 

to 

cu 

■0 

O- 

r— 

cu 

E 

E 

C 

to 

cu 

X 

3 

•r— 

•1— 

CT. 

•r“ 

X 

p 

4J 

to 

0 

•r— 

s- 

•p 

0 

s- 

to 

1— ( 

to 

cu 

3 

p 

CU 

1— 

CD 

+J 

to 

0 

to 

to 

< 

“O 

to 

cu 

X 

p 

to 

_j 

E 

p 

(O 

to 

E 

cu 

0 

r— 

to 

•t— 

s- 

00 

<0 

0 

s- 

to 

CU 

p 

h—i 

•f— 

p 

cu 

E 

E 

to 

•r— 

E 

to 

E 

to 

0 

• 

2: 

<0 

3 

•r- 

s- 

•r— 

cu 

cu 

1— 1 

<X3 

s. 

r— 

I— 

p 

P 

X 

s- 

cr 

cu 

r— ’ 

s. 

U 

p 

3 

0 

0 

•1— 

"O 

•r“ 

3 

p 

1 — 

OJ 

•r~ 

to 

“O 

to 

u 

CO 

E 

cu 

X 

r— 

CU 

cu 

3 

I-— 

cx 

0 

E 

s- 

u 

to 

to 

3 

3 

p 

S- 

s- 

E 

cu 

-a 

to 

nj 

•r” 

O) 

CU 

•r~ 

X 

cu 

E 

X 

E 

p 

s- 

“O 

•r— 

X3 

to 

h- 

3 

E 

u 

■r- 

r— 

2 

0 

to 

CL 

CU 

c~ 

to 

0 

to 

X 

1 — ' 

• 

X 

1— 1 

cu 

+J 

to 

CU 

to 

to 

CO 

-0 

X 

QC 

•4-> 

C4-. 

• 

to 

p 

to 

"O 

0 

r— 

CL 

cu 

to 

CU 

'f- 

CU 

E 

E 

CL 

X 

0 

E 

E 

•»“ 

p 

0 

to 

CU 

cu 

CU 

•r- 

cx 

E 

to 

E 

E 

E 

4-> 

JD 

0 

E 

~a 

<0 

CU 

0 

to 

3 

P 

•r— 

cu 

to 

cu 

r— 

to 

to 

to 

X 

0 

to 

i- 

to 

cu 

p 

t/1 

s- 

P 

to 

X 

cu 

•r- 

0 

cu 

to 

-0 

p 

450 


STRAIN  IN  ALUMINUM  PLATE 


CD 

s- 

CD 

3 

r— 

_c: 

4-) 

03 

CO 

CO 

•p 

03 

•r-. 

T3 

CD 

CO 

3 

-o 

CD 

u 

P 

C 

3 

.p- 

C 

CD 

S-. 

M- 

CD 

•r- 

o 

•r— 

CO 

13 

o 

Q. 

c 

jn 

03 

CD 

E 

O 

+-) 

E 

•r— 

> 

CL 

ro 

CO 

CD 

CD 

•p— 

CO 

E 

U 

CD 

-P 

JZ 

JZ 

C 

CD 

•p- 

CD 

CD 

p 

cn 

~a 

JZ 

Q. 

-P 

CD 

.p. 

•1— 

c 

o 

CD 

E 

JZ 

JC 

c 

CO 

o 

03 

S- 

CD 

CD 

\— 

CD 

CD 

jn 

O 

03 

-P 

Q- 

OJ 

JZ 

XJ 

s- 

O 

CD 

CL 

CO 

CD 

%. 

• 

CO 

c 

JZ 

CL 

-a 

CL 

CD 

03 

03 

p 

03 

03 

oo 

•P 

S- 

S- 

j: 

O 

LJ 

CD 

3 

CD 

p 

CD 

-D 

r— 

1 — 1 

sz 

-P 

-D 

> 

p“ 

CD 

Qi 

o 

h- 

03 

c 

CD 

•p~ 

S- 

C 

O 

S- 

O 

5 

CD 

j: 

CD 

o 

1 — 

CD 

CD 

-Q 

O 

-o 

•r- 

00 

s- 

• 

Q. 

nr 

O 

•1— 

+J 

1 — 1 

CO 

E 

CD 

1— 

s- 

CO 

U 

nr 

■p 

XJ 

CD 

x: 

3 

c 

CD 

rO 

03 

■P 

p 

• 

CO 

O 

o 

r“ 

Q 

S- 

O 

CD 

.f— 

CJ 

u 

P 

<c 

CD 

p— 

X5 

c 

C 

o 

CD 

o 

CL 

C 

CD 

•P“ 

CD 

CO 

X3 

_] 

E 

CD 

o 

JZ 

P 

cz 

5- 

CD 

SI 

jn 

03 

•1— 

03 

CD 

4J 

Q 

•P 

-p 

CD 

p 

E 

E 

d 

•z. 

CD 

CD 

JZ 

03 

O 

03 

CD 

CD 

3 

CD 

CO 

P 

U 

C 

s- 

4_) 

P— 

c 

JZ 

-o 

CO 

•1— 

UJ 

•1— 

03 

03 

D3 

03 

03 

P 

cc 

r— 

4- 

> 

•1— 

CD 

O 

r~ 

•r— 

ZD 

TD 

CD 

O 

CO 

JZ 

CD 

c 

H' 

C 

S- 

E 

CD 

P 

CD 

<C 

V 

o 

3 

CO 

3 

X3 

<n 

s- 

•1— 

or 

CJD 

jn 

cn 

c: 

£ 

X3 

CD 

o 

CO 

LU 

CD 

•T” 

o 

E 

C 

S- 

Cf- 

a. 

<P 

•r— 

X 

3 

03 

3 

cz 

s: 

U 

CO 

P 

03 

P 

CD 

CD 

CD 

UJ 

a 

•1— 

<D 

O 

£ 

•r— 

s- 

-c: 

I — ■ 

-p 

c 

X 

CD 

M- 

3 

•pH 

•1— 

•P 

3 

CO 

03 

3 

P 

UJ 

p0| 

c 

P 

P 

E 

r— 

CD 

OS 

“D 

» 

s: 

•1— 

C 

•p— 

03 

JZ 

s- 

CD 

o 

1 — 1 

o 

CD 

CO 

> 

+J 

CD 

P 

•  r“ 

— 1 

M- 

5- 

CO 

CD 

CL 

03 

P 

o 

O 

-O 

03 

CD 

O 

E 

E 

U 

CO 

CD 

-C 

SZ 

3 

o 

CD 

•r— 

03 

o 

■P 

in 

CO 

CJ 

CD 

E 

P 

X3 

p— 

CQ 

O 

O 

r— 

03 

•r- 

CD 

sz 

CD 

CD 

CL 

03 

CD 

c 

cz 

C 

•1 — 

U_ 

M- 

E 

•p— 

CD 

•r- 

o 

CO 

o 

q- 

•r— 

U 

Q_ 

E 

r— 

•1 — 

CO 

CD 

CD 

s- 

CD 

1— 1 

X 

p 

E 

2: 

CD 

P 

oo 

CD 

CD 

•o 

*1 — 

o 

o 

CD 

CL 

03 

or 

JZ 

CD 

<o 

E 

CJ 

oo 

3 

E 

C>0 

P 

JZ 

c 

CD 

CD 

1—4 

•P 

00 

CD 

Q_ 

CO 

03 

X) 

C£L 

T3 

JZ 

P 

CO 

03 

JD 

•< 

CO 

03 

P 

•p~ 

X3 

p 

O 

P 

O. 

• 

Q- 

CD 

S- 

•r— 

s; 

O 

“O 

o 

JZ 

CD 

CD 

CO 

CL 

o 

sz 

c: 

E 

p 

P 

CO 

CD 

CD 

CO 

o 

03 

3 

P 

03 

P— 

_Q 

O 

p 

“O 

P 

03 

o 

0) 

P 

X 

£Z 

03 

>1 

CD 

•1 — 

p 

S- 

O) 

CD 

03 

S- 

jn 

P 

CD 

3 

JZ 

-o 

c 

CD 

CD 

sz 

jn 

a> 

+J 

c 

CL 

“O 

j: 

CD 

•r— 

03 

“O 

CD 

E 

CD 

• 

P 

P 

"O 

q- 

4- 

c: 

U 

CD 

P 

O 

c: 

O 

“O 

o 

3 

P 

03 

CM 

CD 

CL 

o 

c 

jn 

P 

U 

U 

jn 

•I— 

o 

03 

1—. 

p~~ 

c 

03 

c~~ 

-Q 

CD 

S- 

03 

“O 

•r~ 

CD 

h- 

o 

JZ 

CD 

•1— 

c 

tn 

j: 

•p 

P 

4J 

CL 

P 

•r- 

o 

p 

P 

E 

•1— 

r— 

CM 

•1— 

o 

P 

CD 

sz 

CO 

CD 

c 

CO 

O 

P 

•r- 

03 

jn 

p— 

o 

452 


COMPARISON  OF  BONDLINE  TEMPERATURE 

AND  LOAD  HISTORIES 


ENTRY  TIME,  SEC 


RSI  PREDICTED  FAILURE  MODES 
(Figure  10) 


! 


454- 


455 


456 


457 


458 


459 


Figure  12 


CO 

r~" 

fO 

•r“ 

</> 

s- 

•r- 

• 

cu 

C 

4-> 

r— 

o 

fd 

•r“ 

£ 

03 

P 

CU 

CJ 

0) 

CU 

0) 

< 

p 

u- 

o 

JZ 

p 

s- 

-p 

fd 

Q. 

CJ 

p 

r— 

JZ 

fd 

r— 

+j 

c 

E 

s- 

< 

s- 

cu 

LiJ 

o 

P 

x: 

a: 

M- 

e 

P 

<c 

(T3 

*P 

u 

1 — 1 

1 

_c: 

oo 

CD 

p 

QI 

>- 

•r- 

•r- 

ci: 

CD 

c 

U) 

ct: 

:s 

cn 

sz 

•r— 

•  p- 

oo 

CO 

ZD 

Cl 

00 

1— 

O) 

3 

■  r— 

cr 

h- 

cu 

HI 

(C 

CO 

u 

o 

«r- 

h-< 

o 

x: 

03 

LU 

h- 

CU 

s- 

0) 

CD 

03 

UJ 

JZ 

• 

cc 

4-> 

<c 

bJ3 

oo 

fd 

IS 

C 

CO 

p 

o 

d: 

flH 

o 

o 

p 

c 

S,—*' 

CU 

nr 

o 

CO 

cu 

c 

cu 

JZ 

oo 

cu 

_c: 

p 

CL 

S- 

o 

h- 

0) 

fd 

p 

cu 

o 

UJ 

M- 

Q_ 

•r— 

>- 

TD 

1— 

CJ 

oo 

o 

CU 

•1“ 

H* 

n— 

JZ 

p 

O 

•p 

13 

cc 

•p 

o 

Cl 

•l — 

#> 

JH 

« — 

' — 

03 

>5 

03 

P 

5^ 

CU 

O 

0) 

S- 

> 

<c 

CU 

> 

CO 

s- 

•t — 

•r— 

o 

p 

p 

03 

CU 

P 

s- 

T3 

c 

cu 

CU 

cu 

JZ 

c 

CO 

1— 

a> 

cu 

•1 — 

s- 

CO 

CL 

cu 

CU 

T3 

s- 

1+60 


RSI  GAP  REQUIREMENTS 
(Figure  14) 
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Figure  I5 


RADIANT  HEATING  AND  LOADING  TEST  OF 
SURFACE  INSULATION  BONDED  TO  STRUCTURE 
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MULLITE  RSI  TEST  PANEL 
(Figure  18) 
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COMPRESSION  MOLDING  OF  CURVED  PANEL 
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ABLATIVE-HEAT-SHIELD  PANEL  COST  DISTRIBUTION 


Figure 


RIBBON  REINFORCEMENT 
(Fig\ure  8) 


Cd 

o 

o 

o 

•H 

CD 

p 

CO 

CO 

P 

P 

•H 

•H 

P 

CO 

Cd 

p 

ft 

■P 

P 

P 

0 

O 

CD 

4J 

a 

P 

■H 

Cd 

H 

d 

P 

O 

P 

H 

CD 

0 

P 

p 

ft 

• 

03 

• 

CO 

P 

00 

ft 

0 

<D 

•H 

0 

P 

0) 

rP 

P 

• 

p 

B 

ft 

P 

CO 

P 

CO 

(D 

•H 

bD 

•H 

P 

•H 

• 

p 

P 

• 

CO 

P 

O 

•H 

0 

0 

O 

P 

ft 

O 

P 

P 

cd 

P 

CO 

•H 

o3 

H 

O 

0 

•H 

f— I 

P 

P 

P 

rQ 

cd 

ft 

0 

P 

1 — 1 

cc3 

ft 

H 

ft 

(D 

P 

ft 

ct3 

P 

CD 

•H 

O 

O 

P 

•rD 

P 

• 

•H 

1 

P 

P 

CO 

bD 

O 

0 

0 

§ 

ft 

P 

P 

H 

bO 

•H 

O 

cd 

P 

P 

CU 

P 

H 

•H 

cd 

P 

cd 

P 

P 

P 

o 

CO 

•H 

P 

o 

CO 

P 

0 

o 

O 

P 

• 

p 

o 

•H 

CD 

CO 

p 

Js 

•H 

P 

+D 

•H 

CO 

0 

Q 

P 

CO 

P 

cd 

CO 

P 

S 

CD 

Is 

p 

CO 

1 

P 

P 

O 

O 

P 

0 

CO 

CO 

o 

ft 

P 

o 

•H 

•H 

1 

P 

0 

P 

p 

cd 

P 

cd 

p 

CO 

• 

o 

cd 

S 

Ph 

p 

rH 

p 

P 

P 

0 

p 

CD 

o 

O 

0) 

P 

o 

P 

15 

ft 

P 

o 

(U 

cd 

O 

p 

O 

p 

<D 

ft 

o 

1 — 1 

0 

O 

o 

o 

•H 

ft 

ft 

o 

P 

p 

P 

CO 

0) 

CO 

P 

0 

1 — 1 

•H 

-p 

P 

cd 

P 

cd 

P 

p 

nif 

O 

ft 

-p 

P 

P 

P 

a 

0) 

P 

O 

0 

ft 

(D 

P 

CO 

0 

P 

p 

•H 

O 

o3 

p 

0 

p 

U 

P 

CD 

P 

P 

P 

o 

•H 

p 

cd 

p 

P 

p 

S 

•H 

0 

H 

p 

•iH 

p 

o3 

ft 

> 

P 

cd 

p 

•H 

ft 

cd 

o 

p 

1 

(D 

cd 

P 

•H 

P 

Q) 

o 

P 

0 

bD 

P 

•H 

1 — 1 

P 

P 

P 

o3 

ft 

cd 

0 

•H 

O 

P 

•H 

CO 

•H 

CO 

•H 

P 

ft 

P 

>3 

CO 

P 

0 

0 

0 

P 

•H 

O 

P 

P 

ft 

P 

P 

P 

P 

P 

O 

P 

CD 

S 

P 

•H 

0 

P 

•H 

O 

O 

o 

ft 

P 

P 

CO 

P 

p 

CD 

•H 

iH 

0 

p 

P 

CO 

ft 

P 

0 

0 

CO 

CO 

P 

1 — 1 

p 

Q 

cd 

O 

( — 1 

iH 

r_| 

H 

ft 

Cd 

0 

bO 

O 

P 

P 

p 

OJ 

1 

P 

cd 

P 

a 

P 

CO 

ft 

P 

p 

p 

•H 

•H 

P 

a 

cd 

ft 

ft 

15 

0 

0 

o 

O 

P 

P 

P 

o 

P 

•H 

0 

o 

CO 

Q) 

CD 

O 

:2 

o 

_p 

(D 

P 

O 

0 

bD 

CO 

P 

ft 

P 

ft 

CO 

O 

O 

O 

CO 

p 

P 

o 

ft 

O 

0 

P 

P 

P 

|5 

P 

ft 

•H 

P 

O 

o 

CD 

CD 

•H 

P 

•H 

O 

P 

P 

CO 

+:> 

490 


RIBBON  REINFORCEMENT 


MULTIPLE  PAHEL  BOKDING  FACE SHEET /c ORE 


1 

P 

P 

P 

B 

0 

0 

0 

P 

P 

0 

ci5 

0 

0 

rH 

OJ 

CD 

0 

ft 

rH 

p 

a 

1 

0 

0) 

0 

P 

0 

P 

H 

0 

p 

0 

ft 

P 

q-i 

•H 

B 

0 

P 

CO 

(D 

rH 

0 

0 

w 

3 

•H 

40 

-p 

-P 

B 

rH 

w 

P 

0 

•\ 

B 

iH 

0 

P 

d 

0 

P 

•H 

0 

CO 

P 

np 

P 

CO 

0 

P 

P 

p 

P 

•H 

0 

0 

p 

•H 

P 

P 

p 

aS 

CO 

40 

0 

U 

aj 

P 

■H 

0 

0 

O 

P 

CO 

p 

rP 

•H 

0 

CO 

w 

0 

p 

Ch 

CO 

CO 

13 

0 

•H 

p 

0) 

0 

p 

0 

0 

0 

0 

d 

p 

p 

P 

ft 

CO 

B 

• 

0 

fi! 

p 

d 

0 

bO 

•H 

0 

0 

p 

P 

0 

•H 

CO 

p 

•H 

p 

P 

0 

0 

0 

P 

(D 

p 

CO 

M 

p 

0 

-3 

fM 

p 

cd 

0 

(U 

ft 

P 

0 

P 

P 

p 

CO 

•P 

CO 

ft 

b 

CO 

ft 

0 

CO 

P 

d 

P 

H 

1 — 1 

Ch 

43 

0 

0 

P 

p 

Ch 

P 

p 

0 

0 

P 

CO 

ft 

•H 

p 

m 

Pi 

Ch 

X 

"d 

•H 

0 

•H 

0 

rH 

p 

CO 

rP 

0 

0 

-P 

B 

•H 

p 

0 

•H 

P 

0 

p 

B 

CO 

P 

p 

p 

B 

p 

n:i 

c5 

0 

p 

p 

(D 

P 

p 

0 

-H 

0 

0 

cS 

0 

CO 

0 

p 

W 

P 

0 

•H 

CO 

p 

0 

p 

-P 

•H 

p 

ft 

K! 

rH 

CO 

E_i 

<D 

P 

13 

> 

cc3 

0 

• 

P 

P 

p 

• 

p 

•H 

CO 

CO 

d 

0 

0 

0 

•H 

m 

o\ 

0 

p 

cd 

CO 

p 

c6 

0 

p 

P 

P 

1 — 1 

0 

P 

ft 

ft 

0 

0 

qjO 

0 

-P 

P 

•H 

bD 

0 

ft 

P 

0 

d 

•H 

P 

• 

« 

P 

0 

CO 

CO 

• 

P 

I — 1 

P 

p 

P 

S 

P 

0 

0 

0 

0 

•H 

p 

0 

p 

0 

P 

p 

o5 

P 

0 

CO 

ft 

P 

ft 

CO 

P 

H 

0) 

0 

0 

d 

•d 

0 

d 

P 

I — 1 

-p 

0 

p 

0 

P 

0 

0 

0 

p 

CO 

ft 

•H 

P 

P 

P 

p 

■< 

0 

0 

d 

CO 

ft 

p 

CO 

rH 

1 

P 

40 

CO 

0 

p 

•H 

0 

•H 

p 

0 

0 

p 

P 

0 

P 

40 

ft 

CO 

p 

492 


MULTIPLE  PANEL  BONDING  FACESHEET/CORE 


h93 


ABLATIVE -PANEL  COST  REDUCTION 
(Figure  10) 
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THE  INFLUENCE  OF  DEFECTS  ON  PERFORMANCE  AND  COST 

r.RITICAL  PROPERTIES 

THERMAL 


o 

< 

cn 

CD 

U- 

QC. 

LU 

a. 


_ 1 

< 

0 

LU 

0 

< 

< 

QC. 

nz 

0 

0 

LU 

LU 

LU 

Q- 

«c=> 


oo 

O 

O 


o 


— 

o 


—  o 


CO 

UJ 


< 
_ I 

CO 


zn 

1 — 

0 

• 

QC, 

0 

0 

0 

LU 

H- 

LU 

Q1 

i 

_ 1 

_ 1 

< 

h— 

CO 

CO 

a: 

DC 

oc: 

< 

zn 

0 

0 

< 

1— 

0 

1— 

0 

1= 

< 

0 

00 

CO 

j  ^ 

L_ 

O  < 

o  S 
o  < 

cn 


< 

O' 


O  o 
UJO  E  => 

^  LU  — I  0 
O  CO  O  Q 

Di  <  o  Oi 

CU  LU  I —  0- 


<u 


o 

LU 

LL_ 

LU 

O 


—  ^  Di  LU  g 

t±!  Q  >  Qi 

^  ^  I/)  z  Sz  ^  o 

LU  O  Q  O  CO  o 

>  <  —  CQ  ^  Q; 

^  Qi  o  z  LU  S 

<  o  >  =0  O - 

_ I 

QQ 

< 


Q  ^ 

OQ  LU  ^  Q  O 
^  X  LU  2:  QC 
o  CO  5s«i:  O  LU 
X  ID  O  CQ  Q 

^  Qi  DC  Z  2: 

UJ  O  CD  O  ID 

2: 

o 


497 


% 

o 

CO 

p 

H 

> 

pCH 

o 

EH 

O 

pCH 

pL^ 

P 


0) 

o 

aS 

P 

w 

I 

o 

05 

P 

cu 

p 


OJ 

H 

0) 

w 

•H 

Ch 

•H 


I — I 
o5 
o 

•H 

I 

(D 

P 

O 

CQ 


... — V 

0 

OJ 

P 

H 

CO 

0 

0 

b 

Ih 

cd 

bO 

•H 

CO 

P 

0 

0 

P 

P 

0 

P 

•H 

0 

(U 


Id 

Q) 

P 

(U 

O 

cd 

P 


m 

I 

P 

o 

cd 

p 

(D 

o 

SU 

(D 

fH 

(D 

P 

(U 

<D 

P 

P 

P 

O 

m 

Ih 

(D 

P 

a 

•H 

s 

a> 

!> 

•H 

tiO 

CQ 

•H 


0 

P 

d 

cd 

0 

d 

1 — I 

•H 

cd 

0 

> 

0 

0 

P 

0 

P 

CO 

p 

P 

0 

cd 

0 

0 

CO 

d 

U 

CO 

0 

P 

d 

0 

CO 

•H 

0 

d 

0 

P 

0 

CO 

h 

0 

rJ 

P 

p 

Cd 

p 

d 

0 

0 

P 

I 

iH 

cd 

P 

S 

cd 

P 

P 

(U 

CD 

nc5 

a 

(U 

p 

X 

a> 

t5 

cd 

CO 

CO 

0) 


o 

•H 

P 

P 

P 

cd 

•H 

Ih 

0 

I 

0 

P 

P 

P 

O 

0 

O 


I 

Jh 

0 

P 

P 

•rH 

"d 

0 

0 

P 

P 

a 

cd 


0 

1d 

bD 

•H 

0 

P 

0 

P 

P 

O 

40 

0 

P 

O 

0 

•r-D 

CO 

CO 

cd 

0 

•H 

0 

0 


I 

P 

O 

cd 

P 

0 

P 

P 

P 

0 

CO 

cd 

0 

U 

o 

fU 

•H 

CO 

'd 

•H 

> 

0 

CO 

0 

p 

p 

p 

O 

0 

o 

d 

0 

CO 

0 

0 

p 

p 

p 

cd 

P 

p 

"d 

§ 

o 

p 

CO 

I 


•H 

> 

"S 

0 


0 

U 

§ 

0 

% 

0 

O 

cd 

P 

Ih 

d 

CO 

P 

o 

cd 

P 

0 

P 

p 

o 

p 

p 

CO 

0 

CO 

O 

H 

O 

CO 

P 

Id 

P 

P 

P 

d 

cd 

P 

O 

LA 


d 

P 

P 

>5 

0 

CO 

H 

H 

P 

0 

p 

p 

A 

0 

• 

CM 

cd 

P 

0 

0 

•H 

0 

P 

X 

P 

P 

cd 

0 

0 

bD 

d 

P 

•H 

P 

cd 

P 

P 

P 

d 

0 

CO 

cd 

p 

P 

0 

0 

!> 

>:> 

0 

d 

P 

CO 

P 

•H 

2 

P 

0 

!5 

0 

CO 

d 

•W 

cd 

• 

0 

0 

d 

> 

d 

0 

cd 

CO 

U 

•H 

d 

d 

P 

V 

0 

p 

•H 

0 

•H 

cd 

0 

P 

P 

d 

> 

CO 

Cd 

0 

0 

P 

0 

P 

0 

S 

P 

a 

1 — 1 

0 

P 

cd 

P 

0 

P 

•H 

d 

P 

0 

P 


0 

P 

P 

CO 

CO 

•s 

0 

0 

0 

CO 

0 

•H 

d 

P 

0 

0 

b 

H 

d 

P 

-d 

P 

cd 

•H 

rH 

0 

& 

d 

0 

0 

p 

> 

CO 

I 

p 

O 

cd 

P 

d 

o 

p 

o 

0 

P 

P 

0 

p 

d 

cd 

o 

•H 

P 

•H 

d 

bD 

•H 

CO 

cd 

0 

S 

P 

•H 

P 

0 

d 

0 

P 


O 

P 

CO 

CO 

p 

•H 

O 

f> 

0 

P 

P 

'S) 

d 

o 

P 

40 


0 

4J) 


P 

P 

i 

P 

•H 

P 

d 

cd 

0 

bO 


cd 

o 

•H 

P 

CO 

•H 

H 

cd 

0 

d 

d 

d 

CO 

•H 

CO 

CO 

0 

o 

•H 

P 

P 


0 

O 

d 

0 

P 

A 

CVJ 


o 

o 

o 

p 

o 

d 

p 

•H 

P 

0 

N 

•H 

CO 

CO 

•H 

P 

P 

P 

O 

CO 

p 

•H 

O 

> 

Id 

P 

P 

0 

d 

d 

CO 

d 


498 


EFFECT  OF  VOIDS  ON  BACK-SURFACE  TEMPERATURE 


Figure  12 


DEFECTED  LOW -DENSITY  ABLATOE  PANEL  AFTER  TEST 
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Since  its  beginning  the  space -shuttle  technology  program  has  included  a  program  f6r  ablative 
thermal  protection  systems  (TPS) .  The  goal  of  the  ablation  technology  program  is  to  bring  ablation 
research  and  development  to  a  high  state  of  readiness  for  application  to  space  shuttle  vehicles.  This 
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ORBITER  LANDING -GEAR  DOOR 
(Figure  I5) 
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CONCLUDING  REMARKS 
(Figure  I7) 
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effect  of  shape  on  weight  is  shown  more  vividly  on  the  next  slide. 
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solving  the  liner  problem  in  a  glass  composite  pressure  vessel  is  then  illustrated  in  the  next 
slide. 
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slide  shows  the  composite  configurations  that  resulted  in  potential  cost  or  weight  advantages. 
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KEYS  TO  APPLICATION  OF  COMPOSITES  ON  ORBITER 
DISPOSABLE  MAIN  PROPELLANT  TANKS 
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In  suTtimary ,  this  has  been  a  review  of  the  status  of  NASA  technology  programs  for  com 
posite  tanks.  Several  important  points  should  be  noted.  First,  the  thin  bonded  liner 
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COMPOSITE  SYSTEMS  UTILIZATION 
FOR  SPACE  SHUTTLE  STRUCTURES 
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Another  booster  configuration,  in  conjunction  with  an  H/O  tank  orbiter,  is  the  ballistic 
recoverable  booster.  It  reenters  after  separation  from  the  orbiter  ballistically  and  descends 
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BALLISTIC  RECOVERABLE  BOOSTER 


INTERTANK  1,325  Kg  (2,922  lbs)  26% 
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DESIGN  AND  FABRICATION  OF  FIRST  PANEL  SUC-  DEC.  1972 
GRAPHITE/EPOXY  COMPRESSION  CESSFULLY  TESTED 

PANELS  (NAS8-26242)  TO  160%  OF  LIMIT 

LOAD.  SECOND  PANEL 
IN  FABRICATION. 
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MSFC  Composites  Programs 
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MSFC  COMPOSITES  PROGRAMS 
(METAL  MATRIX) 
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FATIGUE  OF  BORON/  TESTING  IN  PROGRESS  JUNE  1972 

ALUMINUM  COMPOSITES  ON  FATIGUE  OF  JOINTS. 

(NAS8-27437) 


Compression  Panel  (Graphite/Epoxy) 
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Boron/Epoxy  Truss 
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pression  with  tapered  thicknesses  for  minimum  weight.  It  is  felt  that  this  type  panel 
combines  the  problems  of  composites  utilization  into  one  complex  package.  The  panel  is 
scheduled  for  delivery  to  MSFC  in  approximately  1  year. 


Panel  Assembly  (Boron/ Aluminum) 
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HAT  SECTION  BORON/ALUMINUM  STRINGERS  USING  BOTH  HIGH 
AND  LOW  PRESSURE  BONDING  HAVE  BEEN  FABRICATED  AND 
TESTED. 


SPOT  AND  BRAZE  JOINING  OF  BORON/ALUMINUM  HAS  BEEN 
SUCCESSFUL. 

BORON/EPOXY  BOLTED  JOINT  STRENGTH  IS  CONSISTENT  BETWEEN 
SPECIMENS. 
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SIZE  LIMITATIONS  IN  BRAZE  JOINING  TECHNIQUES  FOR 
BORON/ALUMINUM. 
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In  most  areas  of  selected  application,  only  a  normal  structural  development  and  qualification 
program  similar  to  customary  ones  for  metal  structures  is  required.  However,  boron /aluminum 
usage  would  require  additional  development. 
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ELDO  SPONSOEED  COMPOSITE  KESEAECH 
(Figure  1) 
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DEVELOPMENT  OF  CAEBON  FIBRE /ePOXY  RESIN  STRINGER/SKIN  PANELS 
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COMPOUHD  FATIGUE  TEST  SPECIMEN 
(Figure  10) 
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FLEXURAL  PROPERTIES  OF  BORON  AED  POLYIMIDE 
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Test  Aging  Aging  %LEX  - 

temperature,  temperature,  time,  average.  Minimum 
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BOKDED  ASSEMBLY  OF  CAEGO  DOOR  SRECIMEN 
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lead  to  an  overly  conservative  design  with  a  corresponding  weight  penalty,  or  it  may  lead  to  an  uncon¬ 
servative  design  and  possible  structural  failure.  With  the  aid  of  programs  such  as  STAGS,  the  designer 
can  investigate  the  sensitivity  of  a  shell  structure  to  nonlinear  effects  and  can  determine  if  more 
detailed  analyses  or  redesign  is  required. 
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STAGS  ANALYSIS  OF  LARGE  COMPLEX  STRUCTURE 


H 

0 

P 

ft 

!>3 

0 

1 

1 

0 

o 

0 

o 

• 

O 

I 

H 

H 

O 

H 

p 

h 

H 

o 

p 

p 

-- — 

CO 

1 

s 

0 

P 

P 

1 

P 

0 

3 

3 

P 

•H 

p 

p 

p 

CO 

H 

0 

ft 

o 

o 

o 

0 

o 

H 

p 

ft 

H 

ft 

o 

P 

0 

H 

0 

p 

o 

p 

o 

P 

p 

P 

*fH 

S 

H 

12 

P 

s 

ft 

o 

O 

p 

o 

o 

bD 

p 

0 

s 

P 

P 

p 

0 

H 

1 

0 

o 

o 

H 

ft 

0 

p 

p 

0 

ft 

P 

p 

P 

H 

0 

p 

SCO 

s 

•H 

P 

H 

P 

H 

0 

o 

p 

s 

1>3 

O 

0 

P 

0 

ft 

s 

p 

0 

p 

o 

O 

p 

s 

O 

0 

P 

H 

S 

s 

p 

•H 

p 

S 

W  s 

b 

O 

O 

0 

p 

O 

o 

H 

p 

o 

H 

P 

U 

ft 

0 

o 

p 

0 

0 

0 

0 

0 

0  o 

3 

•H 

0 

p 

p 

-H  -P  cd  ^  <L>  w 

H  cd  Ph^ 

-  p  w  02  Eh  ^ 

W  ft  P  (U  IS  CD 

0)  cd  tiDrP  ftO  a 

H  .H  P  O  •  bD 

ft  P  ft  ^  CQ  -H 


H  O 

H  |> 

I— 1  d)  p  rH 

cd  ^  O  H 


<V  W 
H  ^  Jh 


(D  P  W  O  CQ 
W  g  -H 

Sh  p  H  Td 


cdrPOH  cda)cd>i 
^P‘H  cd^dr-irP  pp  Q) 


o  o  o  w 
<D  H 
^  H 


w  p  p 
^  cd  O 
P  ^  *H 
o  p  p 
15  H  cd 


P  o 
P  >5  P  O 


P  cd  P  p 


p  P  tiO  w  0  X 

o  tH  p  cd  I — I 
•H  ^  cd  O  P 

P  a  H  -H  P  cd 

P  O  p  p  p  . 

rH  O  0  cd  tH  O 


pp  OH  O  fn  0HH  > 
0  ft  :5Opcdp0 
P 


cd  p  0 
p  cd  w 


w  bD  p  w 
P 


0  cd  0 


P  H  0  -H 
w  cd  p  H  0 
P  P  ft  P 


000O0O0OP 
fto6o  Pcdo-Hwft 
ftpPlHpftpwpo 
H  0  cd  0  p  H  p  -H 


ft  P  0  o 

o  cd  p  H 
^  h 

w  P  H 

0  0  -s  p 
0  P  0  H 

1>>  H  pH 

H  H  P 

P  H  tlD  O 


^  h  ^ 

H  0  p  o  ft 

•S  P  p  p  H  o 

0  H  p  p  |> 


H-hhp  o  >iU:i  0 

^  ^  ^  U  ?  ^ 

p  0  <;  p  p  0  -H 

ft  5ij  p  ft  .  H 

ft  X  0  P  0  I 

O  0  •  p  0  H  O 

0  0  0  15 


■H  P  -H 
:/2  0  0 
^  O  p 
•H  !>  O 
•  H  P  0 


P  H  p 


OOP 
H  H  P 


[5  0 

P  H 
0  0  P 
0  P  P 


0  P  0  I  ft 
0  -H  O  I  ft 


0  0  0  15  tlO  0 

0  0HP  tiDO  >5p  P 


0 

P  0  H 
P  P  0 
P  O  > 
H  0 
0  P  H 
0  O  H 
0  ft  0 


0  0  O  0  H 

l>  H  p-  p  0 

0  P  P  p 

H  >  0 

H  H  P  0  0 

0  p  15  0  bD 


•H  H  P  P 
P  O 


bD  O  P 
H  ro 
H  P 


p  0  0 

P  0 
^  ft  tH 
0  P 


rP  0  -H  P 


P  H  P  P 


pH  O  0 
P  H  H  p 
H  P  0  P 
0  P  P  ft 
P  POO 


bD  >3  O 


0  P  H  P 

•  0  0  P  O 

0  H  >5P  P 
P  H  P  0  0 

p  0  p  ft  O 

bO  H  bp  ^  p  p 


1 — 1 

p 

P 

•H 

H 

EH 

P 

H 

0 

0 

P  P 

P 

H 

p 

P  ft  EH  0 

0 

H 

H 

>3 

•H 

0 

d 

P 

H 

ft 

0 

1>3 

S 

0 

H 

0  H 

S 

P 

H 

H 

H 

P 

p 

ft 

O 

P 

P 

0 

S 

0 

0 

H 

0 

H  H 

H 

•H 

p 

H  0 

0 

0 

P 

o 

H 

p 

P 

P 

• 

H 

S 

P  H 

S 

S 

0  P  .  P 

0 

0 

ft 

H 

0 

p 

P 

P 

P 

0 

ft 

0 

d 

ft  P 

P 

ft 

0 

S  P  P  0  VO 

P 

0 

•H 

P 

S 

•H 

P 

P 

p 

0 

P 

H 

P 

0 

P 

a 

0  H 

0 

0 

H  ^  P 

VO 

P 

H 

O 

0 

P 

0 

p 

bD 

S 

P 

p 

0  0 

0 

H  S  S  0 

H 

0 

P 

0 

H 

•H 

0 

S 

P 

bD  H 

0 

0 

0 

0 

P 

P  H  d 

0 

P 

H 

-p 

H 

s 

ft 

P 

bD 

12 

0 

0 

0 

S 

H 

p 

P  0 

P 

0 

ft 

s  d  ^ 

ft 

4J 

P 

0 

2 

O 

p 

S 

p 

•\ 

1 — 1 

0 

P 

H 

3 

0 

0  ft 

S 

0 

0 

0  H  2  s 

0 

0 

0 

0 

o 

H 

s 

p 

0 

rp 

P 

0 

H 

P 

>3 

P 

0^0 

P 

12 

H 

0 

p 

0 

P 

P 

0 

1 — 1 

s 

P 

0 

0 

p 

P  0 

ft 

H 

w  P  H 

p 

0 

0 

0 

0 

s 

0 

•rH 

0 

H 

0 

H 

0 

0 

0 

P  P 

P 

0 

P  P  2  p 

HVO 

H 

>3 

•H 

0 

•H 

+D 

s 

0 

1 — 1 

P 

P 

P 

P  P 

0 

S 

P 

o  S  P 

s 

0 

•H 

1 — i 

0 

P 

g 

X 

0 

H 

P 

s 

0 

CO 

0 

0 

P 

0  H  i>  p 

0 

P 

1 — 1 

P 

P  <£ 

0 

p 

0 

0 

p 

0 

0 

P 

1 — 1 

H 

C 

P 

P  0 

H 

H  H  ^  0 

_p 

s 

0 

p 

P 

p 

•H 

>3 

P 

ft 

o 

H 

H 

•s 

0 

0  S  rn  ft 

0 

X 

0 

p 

p 

0 

3 

0 

1 — 1 

0 

P 

P 

P 

p 

•N  S 

P 

0 

P 

|>3  H  cj  H 

s 

3 

H 

0 

P 

0 

p 

0 

P 

P 

CTn 

ft 

3 

H 

ft 

0  H 

0 

S 

•H 

H  3 

H 

P 

LTV 

p 

- - N 

s 

p 

0 

0 

0 

Lft  ft 

p 

S 

H  0 

*H 

P 

s 

P  w  P  >3  P 

0 

0 

o 

o 

ft 

H 

H 

•H 

H 

0 

0 

P 

>3 

P  S 

P 

EH 

cd 

g  cd  X  p 

0  00 

P 

p 

C\J 

O 

ft 

s 

h 

> 

s 

P 

p  H 

H 

0 

P 

^ _ ' 

•H 

0 

0 

o 

•H 

0 

l>3 

0 

P 

p 

0 

0 

S 

P 

.V  2  H 

3 

EH 

P 

• 

0 

P 

P 

S 

P 

s 

0 

p 

ft 

ft 

i  0 

•H 

• 

>3  0 

p 

a 

iH 

p 

ft 

P 

P 

0 

H 

H 

0 

P 

0 

P 

p  p 

H 

>3 

0 

P  N  ftEH 

0 

0 

o 

0 

0 

0 

0 

H 

P 

•H 

0 

0 

>3 

p 

P 

•H  -H  ^ 

H 

• 

H 

P 

ft 

p 

H 

H 

g 

P 

>3 

0 

0 

0 

p 

0  H 

6 

p 

|2 

r—j  0  ^ 

P 

0 

p 

. 

Hi 

0 

ci 

rn 

40 

s 

!5 

0 

P 

p 

ri 

P 

.UD 

0 

ri 

P 

0 

ri 

0 

s 

. — 1 

•H  CH  * 

0  /n  ^  rH 

-P 

0 

1  3 

0 

c  . 

Hi — 1  0  O'Pi — Ift  0 
HpH  Oft-H  pH 


P  p 
pop 
*H  p  p 


H  P  p  H 


P  H  ft 


P  ft  O 


P  0  P 


0  0  >3  O  O  p  0 
P  P  0 
0  P  CO  P  >>5  0  P 


0  g  -H  p  p  p  H  -H  P 
PPP^COP  Hpp 
OH  SO  pppcd 
HHOP  ppjzj0ft 
P  oft.  H  O  p  O 
P  P  0  0  |5  H 


p  P  H  >  P  P 
0  0OJH  0H  0  0 
si  O  P  S  P  H 


>  H  0  H  P  P 

H  0  0  P 

0  S  P  P  tiD  P 


P  0  0 

P  P  s 


g  >3  0  P 
H  H 


•s  rO\  ft  H 


H 

P 

0 

P 

P 

p 

p 

0 

H 

P 

S 

0 

0 

P 

P 

s 

0 

> 

0 

0 

H 

0 

•H 

1 — 1 

p 

0 

H 

H 

p 

P 

0 

s 

0 

0 

0 

0 

P 

tsj  0 

CO 

>3  P 

P 

H 

H 

>3 

0 

S 

a 

P 

0 

0 

•H 

p 

1 — I 

1 — 1 

ft 

a 

a 

g 

H  P 

c:; 

P 

0 

•H 

3 

p 

ft  VO 

H 

0 

P 

0 

0 

0 

0 

p 

p 

0 

p 

0 

0 

0 

0  0 

CO 

0 

P 

p 

CO 

0  VO 

s 

0 

H 

0 

P 

i>3  P 

s 

s 

0 

1 — 1 

s 

1 — I 

P 

p 

0 

H 

ft 

H 

P 

0 

p 

3 

o 

P 

H 

*H 

p 

P 

p 

0 

p 

0 

CO 

0 

0 

P 

P 

0 

0 

0 

0 

b 

p 

H 

p 

0 

P 

0 

S 

0 

a 

0 

• 

rA 

ca  S 

p 

•H 

0 

0 

p 

bD 

a 

3 

p 

S 

S 

0 

S 

P 

0 

0 

p 

0 

p 

H 

S  0 

p 

0 

P 

0 

p 

P 

0 

p 

P 

H 

3 

H 

P 

0 

0 

p 

a 

ft 

bD 

ft 

0 

ft 

0  0 

p 

b 

H 

H 

0 

0 

0 

p 

p 

P 

a 

H 

p 

0 

cj 

0 

0 

a 

p 

ft 

p 

H 

s 

H 

ft 

s 

H 

0 

p 

0 

0 

P 

p 

bD 

P 

bD 

S 

a  p 

EH 

0 

p 

0 

P 

P 

0 

a 

p 

bD 

0 

bD  H 

P 

p 

•H 

H 

•H 

S 

P 

S 

0 

H  0 

0 

X 

s 

0 

0 

p 

0 

S 

P 

S 

H 

0 

0 

s 

s 

•H 

b 

H 

0 

p 

0 

s 

•H 

P 

p 

0 

0 

0 

H 

•H 

bD 

•H 

> 

•H 

p 

cP  H 

p 

H 

P 

*H 

0 

• 

•H 

p 

ft 

P 

•H 

0 

s 

P 

P 

P 

P 

0 

P 

0 

P 

P 

0 

P 

P  H 

0 

0 

p 

bD 

a 

0 

p 

p 

s 

0 

S 

0 

P 

• 

P 

P 

0 

1 — 1 

0 

12 

p  0 

0 

0 

0 

S 

0 

I>3  • 

0 

1 — 1 

s 

bD 

0 

s 

H 

s 

p 

S 

0 

P 

P 

H 

P 

0 

p 

H  ^ 

0 

0 

H 

0 

*H 

P 

P 

H 

s 

0 

0 

0 

p 

p 

p 

0 

0 

bD  P 

s 

P 

H 

P 

P 

ft 

P  CO 

p 

•H 

P 

P 

0 

0 

P 

•H 

0 

H 

P 

•H 

S 

S  0 

PSP 
o  P  P 


P  [5  ^ 

P  0  P  CO  0 

P  P  O  ft 


0  p  ft 


P  P  P 


PH00PS0H 
•'PPPH0  0S 
SPPS  H000 

ObO0H0SpOp 
•HHSOp0p0X 
PftH  ftp  PP  S  0 


Eh  S  P 


0  0  H  ft 


O  O  O  |>5  H  P  0 

•H  p  H  I — I  H  0  S 

P  P  p  p  0  H  P 

P  p  P  S  0  H  p 

O  0  O  P  p  0  p 


698 


STAGS  ANALYSIS  OF  LARGE  COMPLEX  STRUCTURE 

-LONGERONS;  END  RINGS 


699 


SKYLAB  SHROUD  STRUCTURE 


MALYSIS  OF  GENERAL  STRUCTURES 


(D 

CD 

1 

1 — 1 

b 

0 

•H 

iH 

B 

p 

CO 

•H 

-p 

d 

g 

P 

1 

g 

> 

0 

CO 

•H 

■ 

0 

0 

0 

1 

0 

• 

g 

- V 

•H 

g 

ft 

g 

m 

CD 

0 

■ 

0 

P 

•H 

CO 

•H 

•H 

■P 

g 

•H 

CO 

CO 

H 

> 

g 

0 

0 

CO 

B 

P 

g 

g 

d 

g 

g 

fciD 

•H 

0 

d 

g 

0 

0 

0 

X 

•H 

d 

•H 

g 

g 

g 

P 

-P 

(D 

P 

(— 1 

f-i 

P 

0 

g 

0 

0 

H 

0 

•H 

p 

d 

g 

CO 

(D 

& 

CD 

0 

d 

g 

g 

0 

P 

g 

0 

1 — i 

•H 

g 

w 

3 

eg 

0 

P 

0 

g 

0 

d 

g 

g 

0 

p 

0 

3 

• 

P 

•H 

bD 

g 

•H 

p 

w 

P 

r* 

g 

0 

cd 

•H 

g 

g 

P 

•H 

0 

g 

iH 

g 

g 

g 

0 

0 

d 

ft 

rH 

P 

•H 

•H 

0 

g 

;> 

g 

cd 

0 

5 

P 

d 

P 

g 

•H 

g 

P 

0 

g 

g 

•H 

p 

g 

g 

CQ 

H 

P 

0 

0 

d 

CO 

& 

52 

0) 

CO 

0 

H 

0 

CO 

•• 

Td 

0 

P 

0 

>:> 

0 

0 

CQ 

0 

CO 

d 

d 

P 

to 

•H 

g 

0 

d 

•H 

cd 

0 

P 

E>3 

g 

g 

0 

P 

CO 

g 

0 

1 

<U 

•N 

•H 

g 

ft 

g 

P 

0 

m 

CD 

to 

g 

■H 

n 

0 

P 

P 

b 

JSl 

CD 

3 

0 

0 

0 

•H 

B 

•H 

-H 

•H 

CQ 

d 

pq 

0 

P 

g 

0 

H 

cd 

g 

0 

0 

E4 

0 

P 

•H 

0 

cd 

H 

P 

g 

W 

m 

0 

P 

•H 

P 

Q) 

0) 

P 

•H 

ft 

0 

< 

0 

p 

15 

U 

txj 

H 

( — 1 

g 

P 

d 

•H 

g 

g 

ft 

0 

g 

0 

g 

g 

0 

40 

0 

CO 

p 

0 

g 

ro 

O' 

d 

g 

P 

0 

P 

g 

a 

cd 

0 

g 

0 

p 

g 

d 

P 

0 

CO 

3 

0 

0 

0 

•H 

g 

CO 

< 

g 

bO 

CO 

Q) 

Ti 

cd 

p 

CO 

0 

•H 

0 

0 

CO 

fclD 

0 

(D 

CO 

g 

0 

iH 

P 

g 

g 

P 

P 

•H 

0 

P 

• 

•H 

0 

ro 

-p 

P 

•H 

3 

0 

g 

CO 

CO 

Cd 

P 

0 

g 

0 

P 

CO 

•H 

cd 

CO 

0 

> 

w 

g 

ft 

cd 

0 

g 

0 

0 

0 

3 

CO 

P 

•N 

1 — 1 

P 

g 

p 

g 

g 

1 — [ 

•H 

0 

CO 

P 

ft 

CO 

g 

bD 

• 

cd 

ri::: 

g 

p 

0 

CQ 

•H 

0 

VD 

P 

CO 

g 

d 

+0 

g 

X 

P 

g 

d 

3 

g 

0 

0 

g 

ft 

-P 

P 

CO 

d 

0 

p 

P 

0 

0 

H 

p 

0 

g 

g 

g 

P 

0 

P 

g 

H 

g 

0 

ft 

•H 

•s 

g 

g 

52 

0 

1 — 1 

0 

0 

-P 

• 

CO 

0 

0 

CO 

3 

g 

W 

CO 

CD 

0 

d 

0 

pq 

0 

0 

P 

H 

CO 

g 

H 

3 

Eh 

H 

P 

1 — t 

a 

CD 

0 

0 

g 

40 

g 

m 

0 

0 

cd 

Q) 

p 

1— 1 

g 

g 

w 

S 

1 

g 

S 

1— 1 

p 

3 

• 

52 

0 

0 

(D 

cd 

H 

p 

CO 

g 

g 

P 

g 

1 — 1 

b 

0 

g 

0 

g 

0 

ft 

CO 

•H 

•H 

<D 

CD 

3 

rH 

g 

g 

0 

1— 1 

g 

g 

W) 

40 

P 

g 

g 

•H 

0 

p 

•H 

g 

CD 

0 

g 

0 

p 

P 

1 

g 

CO 

P 

0 

>5 

P 

g 

0 

4J> 

CO 

g 

0 

52 

0 

> 

• 

1— 1 

•H 

g 

CQ 

g 

tsi 

P 

b 

P 

•rH 

CD 

p 

CO 

•H 

P 

•H 

•H 

0 

B 

0 

bD 

0 

•P 

•H 

CO 

Cd 

0 

d 

g 

1 — 1 

p 

40 

(D 

P 

g 

g 

•rH 

0 

g 

P 

CO 

CO 

H 

CD 

0 

0 

0 

P 

1 

0 

CO 

•rH 

& 

fcJjO 

H 

40 

P 

d 

0 

p 

•H 

CO 

5=1 

& 

CO 

0 

•H 

0 

P 

d 

0 

•H 

S 

d 

0 

•H 

bO 

•H 

0 

P 

0 

CO 

•H 

0 

CO 

g 

0 

g 

g 

0 

g 

g 

CO 

CO 

TO 

P 

g 

•H 

3 

> 

0 

d 

cd 

3 

0 

> 

g 

1 — 1 

P 

CO 

•H 

EH 

CO 

fciD 

g 

g 

*H 

P 

ft 

m 

%-i 

a 

g 

w 

P 

0 

g 

g 

g 

0 

g 

0 

< 

0 

0 

•H 

0 

CO 

d 

ft 

0 

p 

P 

d 

•H 

CO 

g 

•H 

0 

P 

P 

p 

g 

0 

CO 

P 

g 

0 

15 

g 

0 

40 

0 

> 

0 

•H 

cd 

p 

ft 

0 

p 

CQ 

0 

p 

CO 

d 

t>3 

0 

p 

g 

ft 

0 

0 

0 

d 

P 

B 

P 

P 

g 

rH 

>:> 

g 

H 

0 

P 

ft 

g 

52 

ft 

g 

0 

cd 

d 

g 

d 

0 

bD 

0 

•H 

P 

0 

0 

cd 

g 

g 

3 

S 

g 

0 

P 

> 

a 

H 

CO 

•H 

X 

CO 

P 

d 

•H 

g 

0 

P 

0 

0 

< 

P 

0 

fn 

d 

0 

g 

0 

•H 

0 

g 

0 

P 

0 

(D 

0 

0 

H 

P 

g 

g 

g 

> 

g 

•H 

Pr^ 

N 

g 

d 

g 

g 

g 

< 

g 

• 

0 

•H 

0 

g 

0 

0 

P 

0 

p 

CO 

P 

P 

0 

& 

ft 

CO 

g 

p 

d 

CD 

d 

0 

g 

0 

l>^ 

g 

0 

U 

CO 

0 

g 

g 

0 

P 

g 

0 

1 — 1 

0 

0 

•H 

0 

g 

ft 

0 

EH 

g 

P 

P 

700 


NASTMN  STRUCTURAL  ANALYSIS  PROGRAM 


1 

CO 

•H 

bC 

1 

1 — 1 

CO 

0 

1 

ft 

CO 

03 

ft 

0 

0 

CO 

3>:> 

•H 

ft 

s 

ft 

CO 

0 

ft 

P 

ft 

P 

03 

ft 

ft 

>p 

ft 

ft 

P 

P 

p 

0 

ft 

ft 

0 

EH 

P 

ft 

ft 

g 

H 

ft 

P 

p 

ro 

0 

0 

o3 

p 

P 

p 

p 

> 

U 

ft 

P 

p 

• 

P 

P 

ir\ 

O 

ft 

p 

0 

4J 

1 — 1 

P 

_p 

O 

0 

ft 

•H 

ft 

CO 

P 

O 

• 

CO 

0 

CO 

ft 

1 — 1 

o 

p 

ft 

P 

p 

ft 

0 

•H 

o 

s 

o 

p 

0 

p 

CO 

i> 

-P 

o 

ft 

p 

ft 

p 

0 

0 

w 

•\ 

CO 

ft 

0 

ft 

CO 

o 

0 

0 

ft 

ft 

1 

> 

0 

-p 

o 

O 

p 

p 

0 

ft 

p 

P 

ft 

<=! 

o 

•H 

0 

CO 

p 

ft 

•H 

in 

(D 

ft 

0 

P 

CO 

0 

ft 

p 

ft 

I — 1 

ft 

CL) 

-ce- 

O 

0 

iH 

P 

« 

H 

p 

O 

CO 

ft 

•H 

0 

0 

-P 

-P 

p 

•H 

P 

35 

ft 

[>- 

1 

P 

P 

ft 

P 

><1 

o\ 

0 

O 

0 

ft 

• 

•s 

0 

J - 1 

-P 

S 

- s. 

0 

•s 

CVJ 

•H 

p 

0 

ft 

ir\ 

p 

CO 

!ft 

0 

Sh 

ft 

p 

ft 

o\ 

g 

P 

•H 

ft 

P 

P 

p 

rH 

O 

o 

• 

^ 

0 

CO 

P 

•n 

ft 

C\J 

0 

P 

0 

-p 

S 

bO 

0 

ft 

0 

O 

•H 

CO 

CO 

P 

P 

1 — 1 

P 

ft 

O 

o 

S 

•H 

ft 

0 

ft 

0 

P^ 

o 

0 

ft 

0 

•ft 

CO 

h 

ft 

ft 

0 

3> 

35 

P 

0 

P 

p 

p 

CO 

0 

0 

0 

0 

•H 

ft 

0 

ft 

3^ 

P 

P 

ft 

P 

P 

1 — i 

1 

ft 

CO 

ft 

0 

•' — ^ 

0 

1 — 1 

0 

ft 

p 

P 

CO 

0 

P 

o3 

ft 

•s 

0 

3>:. 

p 

P 

P 

o 

<c 

p 

ft 

0 

0 

•H 

U 

0 

D 

Ph 

O 

P 

Pm 

P 

1 — 1 

o 

P 

On 

EH 

O 

Eh 

0 

0 

0 

ft 

0 

1 — 1 

ft 

o 

CO 

•H 

p 

ft 

tiO 

P 

<3 

0 

ft 

o 

ft 

P 

ft 

•H 

0 

t— J 

0 

• 

ft 

ft 

ft 

*r-i 

H 

ft 

CO 

CO 

0 

•H 

o 

ft 

ft 

ft 

'P 

0 

0 

ur\ 

ft 

3> 

ft 

O 

0 

ft 

bO 

o 

VD 

ft 

o 

P 

P 

B 

•H 

CJN 

p 

P 

1 — 1 

CO 

P 

bO 

ft 

1 — 1 

ft 

CO 

ft 

o 

P 

p 

ft 

•H 

0 

SP 

CO 

0 

•H 

P 

P 

0 

ft 

P 

p 

0 

0 

CO 

O 

o 

p 

CO 

o 

o 

p 

EH 

p 

•H 

4h 

p 

•H 

ft 

•H 

p 

ft 

0 

ft 

0 

CO 

P 

ft 

CO 

0 

3> 

P 

ft 

0 

ft 

ft 

P 

0 

ft 

ft 

ft 

0 

0 

0 

•H 

ft 

p 

-P 

ft 

p 

ft 

P 

•H 

ft 

<3 

o 

-B 

P 

ft 

0 

ft 

ft 

X3 

ft 

ft 

i 

ft 

p 

ft 

0 

P 

g 

bD 

P 

ft 

35 

0 

P 

Ph 

ft 

ft 

CO 

b 

0 

P 

P 

Eh 

ft 

5P 

>:> 

ft 

0 

P 

0 

•N 

ft 

0 

ft 

1 — 1 

0 

ft 

O 

P 

ft 

EH 

0 

bD 

CO 

ft 

ft 

ft 

•H 

P 

0 

P 

•H 

O 

1 — 1 

ft 

ft 

•H 

0 

p 

O 

P 

0 

ft 

CO 

ft 

ft 

0 

> 

•H 

o 

P 

p 

0 

ft 

0 

o 

•H 

ft 

<3 

o 

ft 

•H 

ft 

ft 

1 — 1 

<3 

P 

o 

CO 

ft 

0 

ft 

•rH 

1 — 1 

SS 

ft 

< 

P 

ft 

P 

P 

P 

Lft 

P 

CO 

CO 

p 

•H 

•rH 

ft 

ft 

ft 

•H 

0 

ft 

ft 

•N 

0 

^ 

P 

•H 

( — 1 

P 

CO 

ir\ 

CO 

3>i 

S 

• 

ft 

Ift 

0 

ft 

1 — 1 

ft 

H 

0 

ft 

P 

•H 

a\ 

S 

p 

P 

0 

0 

bD 

CO 

0 

ft 

ft 

0 

CO 

1 — 1 

0 

> 

P 

P 

t3 

•H 

ft 

•H 

> 

0 

s 

•H 

o 

o3 

0 

P 

ft 

0 

O 

0 

1> 

0 

CO 

g 

ft 

ft 

0 

P 

ft 

P 

ft 

0 

> 

p 

O 

P 

O 

& 

-p 

& 

p 

ft 

o 

0 

p 

o3 

r— 1 

P 

P 

H 

P 

ft 

•H 

0 

ft 

0 

-p 

•H 

0 

P 

0 

CO 

r* 

0 

p 

P 

• 

P 

•H 

0 

0 

P 

0 

ft 

'H 

1>5 

H 

P 

0 

ft 

ft 

P 

•H 

ft 

§ 

ft 

ft 

P 

0 

CO 

P 

CO 

•H 

O 

P 

0 

W 

P 

p 

ft 

1 — 1 

• 

0 

p 

ft 

P 

§ 

0 

ft 

•H 

CO 

P 

•H 

3>5 

ft 

Eh 

P 

p 

PP 

ft 

p 

0 

ft 

ft 

0 

CO 

CQ 

bn 

O 

0 

-P 

O 

s 

P 

•H 

P 

P 

<3 

o 

O 

3>5 

fP 

P 

•H 

0 

Pi 

rH 

O 

H 

ft 

p 

ft 

0 

EH 

O 

CO 

> 

P 

•H 

§ 

1 — 1 

ft 

1 — i 

P 

o 

0 

ft 

*H 

H 

bp 

0 

0 

p 

P 

ft 

CO 

(— 1 

P 

P 

& 

CO 

P 

0 

0 

•H 

P 

W 

P 

•H 

P 

P 

CO 

ft 

35 

0 

•H 

CO 

0 

S 

P 

702 


NASTRAN  STRUCTURAL  ANALYSIS  PROGRAM 


705 


LEVEL  16  RELEASE  PLANNED  FOR  MAY  T 


MODEL  USED  IN  NAS  TRAN  EFFICIENCY  STUDIES 


w 

• 

•H 

0 

-p 

ft 

to 

r_j 

EH 

CD 

-p 

d 

•H 

p 

ft 

< 

p 

0 

0 

CO 

0 

-P 

t> 

0 

ft 

CO 

o 

p 

P 

o 

Ph 

Ch 

pq 

0 

P 

P 

•rH 

CQ 

CD 

§ 

CD 

CO 

O 

ft 

•H 

d 

CO 

-P 

0 

0 

ft 

PM 

P 

-p 

0 

0 

I — 1 

w 

CD 

p 

CO 

o 

p 

!>3 

-P 

1 — i 

•H 

o 

VD 

CO 

P 

W 

C\J 

-p 

0 

<u 

P 

1— i 

p 

b 

•H 

•H 

d 

a 

CO 

g 

•H 

3 

p 

0 

CO 

Ch 

•H 

iH 

H 

d 

0 

0 

CD 

-3 

3 

CD 

P 

0 

d 

H 

PM 

o 

<P 

ft 

cd 

O 

o 

•H 

P 

H 

P 

b 

o 

CD 

1 — 1 

•H 

d 

•H 

0 

Ch 

0 

-H 

CD 

ft 

d 

n:i 

o 

0 

to 

S 

p 

p 

•P 

ir\ 

& 

CD 

Ch 

Lft 

-P 

rH 

0 

KA 

o 

•H 

d 

P 

rH 

a 

rP 

d 

P 

ft 

O 

0 

CO 

P 

•H 

H 

d 

CD 

EH 

0 

Ti 

H 

CD 

+3 

CO 

CCl 

-B 

• 

ft 

p 

P 

P 

0 

d 

rP 

H 

b 

ft 

1 — 1 

CO 

O 

d 

CD 

•H 

0 

Lft 

d 

rP 

C\J 

O 

CO 

4h 

> 

•s 

O 

CO 

-P 

0 

ft 

•P 

o 

PM 

+3 

p 

s 

CD 

CD 

a 

Ch 

CO 

H 

P 

O 

p 

MD 

CD 

o 

d 

VO 

1 

o 

0 

P 

Oi 

CD 

P 

-P 

CD 

’H 

ft 

■H 

p 

H 

CO 

O 

o 

•H 

P 

O 

rH 

Ch 

CO 

0 

ft 

d 

-p 

-P 

p 

CD 

p 

P 

o 

rP 

CD 

0 

• 

p 

-P 

CO 

O 

s 

Q) 

o 

<! 

ca 

p 

0 

•p 

PM 

0 

O 

0 

-P 

0 

• 

p 

P 

CO 

in 

-P 

ft 

p 

P 

0 

0) 

o 

o 

ft 

s 

h 

•H 

rP 

O 

3 

d 

0 

w 

CO 

•H 

H 

0 

Ch 

d 

0 

1 — 1 

H 

o 

p 

d 

CD 

0 

•H 

bD 

P 

TZS 

P 

0 

P 

EH 

Q 

-P 

•P 

p 

• 

0 

o 

iH 

P 

O 

P 

0 

s 

O 

P 

ft 

rP 

o 

p 

Q 

EH 

CO 

KA 

CO 

704 


MODEL  USED  IN  NASTRAN  EFFICIENCY  STUDIES 


705 


IMPROVEMEUTS  IN  EFFICIENCY  OF  NASTRAN 


a 


v£) 

cd 

P 

• 

1 — 1 

P 

P 

A 

cd 

CD 

P 

0 

P 

d 

P 

P 

P 

0 

•P 

d 

0 

?H 

cd 

P 

p 

0 

> 

0 

0 

p 

Ch 

p 

0 

p 

0 

> 

cd 

0 

P 

CO 

P 

0 

P 

3 

cd 

P 

d 

• 

CQ 

0 

p 

0 

& 

CQ 

•H 

0 

0 

P 

S 

•H 

ca 

0 

P 

0 

d 

P 

0 

CO 

p 

•H 

0 

f>3 

H 

p 

0 

43 

15 

P 

cd 

P 

0 

0 

Cd 

p 

cd 

p 

P 

P 

P 

a 

0 

d 

0 

0 

0 

p 

cd 

p 

•H 

0 

P 

3 

P 

to 

•H 

c{ 

CQ 

0 

ft 

0 

CQ 

P 

s 

0 

43 

CO 

cd 

0 

cd 

0 

0 

■3 

0 

0 

Jh 

P 

P 

Jm 

cd 

0 

43 

w 

CO 

w 

p 

Pi 

CO 

0 

Pi 

<u 

0 

p 

cd 

0 

cd 

p 

H 

h 

d 

> 

<H 

•H 

tiD 

0 

0 

i£ 

0 

P 

P 

ft 

Jh 

P 

P 

cd 

•H 

CO 

0 

& 

•H 

W 

p 

lA 

P 

Ch 

15 

fp 

P 

cd 

•(H 

0 

cd 

p 

>3 

0 

CO 

P 

CO 

P 

43 

ft 

?H 

0 

•H 

0 

0 

•H 

0 

p:^ 

d 

43 

P 

l>i 

p 

0 

LA 

3 

0 

•H 

P 

P 

p 

cd 

cd 

P 

P 

Td 

• 

P 

ft 

cd 

0 

0 

p 

P 

0 

2 

0 

cd 

cd 

•H 

•d 

3 

Ph 

l> 

0 

ft 

fciD 

P 

0 

• 

HO 

•H 

cd 

•ri 

CO 

p 

CO 

P 

0 

0 

P 

C 

0 

cd 

0 

0 

S 

0 

•H 

ft 

CO 

2 

d 

P 

CO 

d 

P 

P 

& 

3 

a 

0 

0 

P 

d 

P 

> 

p 

•H 

•H 

CO 

0 

cd 

0 

p 

> 

d 

0 

p 

ft 

0 

0 

1>3 

3 

0 

fH 

•H 

0 

P 

ro 

p 

P 

CO 

p 

0 

0 

VD 

CQ 

P 

> 

— 

p 

VD 

cd 

0 

P 

> 

p 

0 

p 

w 

P 

0 

•H 

fn 

d 

0 

p 

n 

P 

p 

SZ3 

*H 

d 

CO 

cd 

0 

0 

CO 

•H 

cd 

0 

cd 

CO 

0 

to 

0 

l> 

p 

p 

P 

0 

p 

P 

0 

•H 

0 

s 

0 

d 

0 

0 

Ph 

0 

0 

P 

}> 

U 

P 

0 

0 

O 

P 

cd 

Ph 

CO 

CjO 

d 

•H 

P 

H 

P 

P 

d 

p 

15 

p 

fciD 

•jH 

0 

P 

cd 

0 

cd 

•H 

p 

!h 

cd 

Jh 

p 

P 

cd 

2 

P 

-p 

•H 

?H 

0 

Ph 

P 

P 

P 

0 

0 

43 

P 

0 

fH 

CM 

P 

p 

CO 

CQ 

o 

0 

P 

P 

0 

P 

<1 

0 

3 

0 

0 

p 

d 

a 

P 

P 

0 

•H 

0 

cd 

•N 

w 

P 

P 

t> 

p 

CO 

0 

0 

> 

’H 

p 

?H 

CO 

d 

P 

P 

a 

P 

;5 

p 

V — 

0 

CM 

CO 

Q 

CO 

P 

1 — i 

0 

p 

CO 

0 

0 

CO 

0 

P 

0 

> 

P 

p 

pcj 

CO 

0 

b 

0 

P 

0 

p 

EH 

cd 

Ih 

0 

h 

p 

0 

3 

p 

d 

P 

VO 

ft 

w 

0 

CO 

P 

•H 

0 

•H 

0 

P 

P 

p 

P 

IH 

P 

0 

>3 

0 

0 

0 

0 

to 

0 

0 

p 

0 

> 

0 

i::! 

P 

0 

{=! 

P 

0 

P 

0 

P 

d 

0 

P 

3 

P 

P 

•H 

•H 

a 

0 

p 

CO 

0 

P 

•H 

p 

iH 

P 

P 

ft 

cd 

0 

P 

d 

•H 

ft 

P 

> 

P 

IS 

0 

706 


IMPROVEMENTS  IN  EFFICIENCY  OF  NASTRAN 


NEW  ELEMENTS  FOR  NASTRM 


ft 

g 

P 

TO 

1 

•H 

0 

ft 

0 

ft 

0 

•s 

1 

ft 

Pi 

0 

P 

•H 

•H 

0 

0 

ft 

02 

-P 

ft 

0 

ft 

ft 

•H 

ft 

0 

•H 

0 

ft 

02 

H 

ft 

P 

P 

0 

ft 

ft 

3 

o3 

ft 

0 

H 

•H 

> 

0 

P 

P 

0 

ro 

ft 

0 

ft 

02 

P 

TO 

«5 

P 

P 

0 

•H 

TO 

ft 

S 

ft 

0 

ft 

b 

P 

ft 

2 

n5 

ft 

0 

ft 

P 

TO 

40 

Ph 

0 

0 

02 

P 

p 

P 

ft 

H 

40 

•H 

P 

0 

0 

g 

02 

0 

P 

02 

ft 

0 

p 

0) 

p 

c 

•H 

0 

0 

0 

d 

ft 

ft 

-P 

ft 

ft 

ft 

P 

ft 

02 

p 

02 

0 

03 

P 

-!£ 

01 

TO 

-p 

ft 

P 

0 

P 

H 

ft 

a 

0 

P 

P 

TO 

03 

p 

•H 

0 

•P 

ft 

d 

P 

p 

m 

U 

0 

TO 

p 

d 

ft 

P 

H 

1 — 1 

0 

P 

0 

0 

S 

0 

1 — 1 

0 

ft 

P 

•H 

ft 

•H 

0 

o3 

ft 

0 

P 

-P 

ft 

P 

H 

•H 

ft 

0 

C53 

•s 

•H 

ft 

o3 

ft 

ft 

ft 

Ih 

02 

P 

P 

P 

0 

ft 

0 

0 

•P 

tiD 

0 

0 

0 

ft 

0 

Ph 

P 

•H 

b 

P 

02 

rP 

P 

fn 

0 

m 

TO 

0 

02 

0 

02 

0 

0 

H 

bD 

0 

H 

ft 

0 

0 

03 

0 

ft 

ft 

P 

1 — i 

P 

o3 

02 

o3 

TO 

P 

•H 

0 

0 

P 

H 

P 

ft 

> 

ft 

ft 

•H 

0 

P 

P 

0 

o3 

0 

0 

ft 

o3 

d 

> 

0 

40 

ft 

P 

0 

> 

TO 

0 

Ch 

o3 

P 

0 

•H 

o3 

ft 

P 

ft 

ft 

ft 

02 

ft 

•H 

ft 

ft 

02 

P 

15 

0 

P 

ft 

I 

ft 

•H 

!? 

o3 

ft 

ft 

TO 

0 

1 

P 

ft 

P 

a 

P 

ft 

ft 

o3 

VO 

ft 

P 

ft 

0 

ft 

0 

H 

P 

ft 

0 

1 — 1 

P 

0 

0 

ft 

ft 

ft 

0 

o3 

ft 

p 

ft 

H 

•H 

P 

02 

l> 

ft 

0 

0 

0 

0 

15 

TO 

0 

> 

•H 

P 

ft 

W 

0 

ft 

h> 

VD 

b 

P 

P 

ft 

p 

ft 

1 — 1 

TO 

> 

U 

•H 

0 

0 

ft 

0 

0 

ft 

ft 

cq 

ft 

ft 

P 

P 

Ti 

P 

• 

Eh 

i 

0 

bO 

& 

P? 

0 

w 

03 

02 

ft 

> 

P 

P 

P 

ft 

ft 

< 

•H 

0 

TO 

ft 

P 

ft 

S 

W 

ft 

ft 

w 

ft 

0 

•H 

P 

•P 

oj 

P 

P 

•\ 

ft 

02 

s 

0 

CQ 

P 

-P 

H 

ft 

0 

0 

o3 

0 

•N 

P 

0 

•H 

•H 

02 

0 

rP 

ft 

P 

0 

ft 

P 

1— i 

•P 

ft 

02 

•H 

> 

•H 

P 

0 

0 

•H 

•H 

ft 

P 

ft 

0 

ft 

P 

ft 

ft 

ft 

P 

0 

> 

0 

0 

0 

o3 

0 

0 

o3 

02 

ft 

ft 

0 

ft 

0 

!> 

ft 

0 

03 

02 

P 

0 

P 

0 

P 

o3 

P 

H 

ft 

TO 

P 

ft 

0 

P 

0 

03 

bQ 

P 

& 

ft 

P 

o3 

Pi 

P 

ft 

S 

•d 

ft 

ft 

P 

1 — 1 

• 

ft 

P 

•H 

0 

0 

0 

H 

P 

P 

0 

LfA 

■s 

02 

o 

p 

•H 

0 

ft 

1 

ft 

P 

1 

02 

0 

ft 

02 

•H 

o3 

ft 

-P 

0 

0 

VD 

P 

ft 

P 

1 — 1 

ft 

P 

0 

1 — 1 

0 

0 

P 

P 

0 

P 

ft 

ft 

P 

02 

0 

P 

P 

\> 

ft 

ft 

r— i 

0 

40 

0 

0 

•H 

P 

0 

W 

ft 

TO 

ft 

ft 

ft 

ft 

TO 

!> 

0 

ft 

0 

0 

02 

0 

0 

^ ^ 

> 

ft 

P 

ft 

0 

0 

h 

0 

02 

• 

0 

0 

!>:> 

Ph 

P 

ft 

-P 

0 

0 

P 

ft 

0 

& 

TO 

TO 

h 

ft 

ft 

ft 

• 

P 

P 

ft 

1>5 

0 

ft 

><j 

•H 

ft 

Pi 

-P 

w 

ft 

•H 

ft 

•H 

0 

M 

•N 

P 

P 

ft 

0 

0 

ft 

P 

02 

ft 

•H 

02 

P 

40 

ft 

0 

o3 

o3 

ft 

TO 

*H 

ft 

0 

• 

02 

P 

p 

P 

02 

ft 

ft 

02 

ft 

0 

ft 

0 

-P 

ft 

d 

02 

02 

P 

ft 

Q^ 

ft 

P 

03 

01 

P 

0 

ft 

P 

P 

0 

P 

0 

0 

ft 

0 

0 

•H 

TO 

d 

P 

P 

0 

0 

02 

0 

708 


NEW  ELEMENTS  FOR  NASTRAN 


< 

_ I 

Q. 

< 

CQ 


O 

OH 

o 


< 

X 


o 

OH 


>  O 

r—  I  I  I 


LU  CO 


31 

< 

OH 


_J  ^  Ijj 

dl  1= 

o  <  I 

E  ^  c/> 

Q  O  ^ 


OH 

xg 

rv; 

<  ^ 

^  LU 

t/T  ^ 
t/)  o 

LU  Q. 


±  o 

Si 

o  tr 


O  LU 


CO 


C>0 

_ I 

< 

cc: 


CO 


U1  cn'^ 


CO 

o 


CO 


LU 

CO 


<C  LU 


CTN 


Ct:  LU  LU 

Sgo 

S“=! 

^  o 

I—  n:  Lo 

•  •  • 


q:  o 

e§o 
d  <  “ 

Qi  t] 
o  <  ^ 
^  < 
5i< 

life 

Qt::  CO 


VO 


LU  — 

LU  >-  <r 
— I  Q  ^ 

LU  Q  S 

-1  S 

^  '  rv 

Q1  Q  ^ 

LU  - 

^  o  ^ 

LU  —  O 
00:^^  —  h-  —  - - - 


< 

Ol 

CO 


_ I  :z:  LU 

cot;: 

QX  — .  C 

I  I  i  — u 

|I3  ZD  Q_ 

<C  III 

-§  t 

LU  (/) 

Q  Q:  o 

<lL^ 

o?i 

o  d  o 

^  ^  Q 

[“  u_  LU 
tu  Qi 
^  O  ^ 
<C  1-^  ^ 

^  ^  ^ 

^0^1- 

o  9= 

00 


709 


NASTRM  THERMAL  ANALYZER 


1 

0 

!>:. 

•H 

La 

O 

1 

• 

ft 

H 

0 

3 

ft 

m 

w 

cD 

0 

-p 

cD 

ft 

ft 

0 

ft 

-b 

1 — 1 

CD 

0 

w 

ft 

cD 

CD 

p! 

0 

P 

ft 

m 

>3 

W 

0 

0 

>3 

ft 

> 

ft 

0 

OQ 

ft 

Pi 

ft 

1 — 1 

0 

•p 

& 

ft 

0 

cD 

0 

b 

•N 

ft 

n 

0 

U 

Ph 

•H 

0 

ft 

CD 

W 

0 

0 

-H 

ft 

CO 

ft 

CD 

Pi 

0 

{> 

ft 

cD 

CO 

0 

•H 

W 

• 

cD 

U 

0 

ft 

w 

•H 

ft 

CD 

P 

ft 

0 

0 

ft 

*H 

•H 

Pi 

ft 

ft 

0 

43 

U 

ft 

ft 

CO 

CD 

•H 

w 

ISl 

ft 

CD 

0 

ft 

+3 

>5 

ft 

0 

>5 

ft 

ft 

W 

w 

ft 

0 

W 

tiD 

iH 

•H 

m 

t>^ 

•H 

cD 

0 

•H 

P 

o5 

i 

•H 

ft 

ft 

ft 

•H 

ft 

•H 

ro 

•H 

Pi 

CD 

^£) 

ft 

ft 

ft 

ft 

0 

ft 

ft 

ft 

0 

Pi 

03 

ft 

CD 

ft 

ft 

P 

0 

cD 

0 

03 

0 

P 

!> 

43 

03 

cD 

0 

0 

ft 

PI 

•H 

0 

ft 

ft 

•H 

ft 

cD 

ft 

03 

I — i  (D 

05  ^ 

-p  O 


ft 


Tzi  0) 
(D  ^ 

-S 


43 

3 

ft 

ft 

ft 

CO 

bO 

<c 

ft 

Pi 

s 

ft 

ft 

ft 

0 

pq 

0 

1>5 

s 

fij 

43 

Eh 

•s 

ft 

H 

ft 

ft 

2 

cD 

Pi 

CO 

l>i 

CO 

p 

0 

ft 

Pi 

ft 

*H 

< 

ft 

pi 

0 

ft 

•H 

0 

ft 

03 

Pi 

CD 

9 

is 

m 

ft 

Pi 

0 

P 

cD 

ft 

2 

cD 

3 

0 

ft 

I — 1 

0 

0 

ft 

Pi 

ft 

• 

Pi 

1 — 1 

0 

ft 

0 

ft 

Pi 

0 

cD 

ft 

•H 

0 

P 

0 

0 

1 — 1 

Pi 

03 

43 

cD 

H 

3 

ft 

Pi 

cD 

•H 

•H 

O 

P 

ft 

0 

43 

cD 

•H 

0 

H 

0 

Ph 

H 

ft 

ft 

0 

p! 

0 

ft 

0 

2 

ft 

Pi 

0 

1 

U 

Pi 

0 

ft 

pq 

•H 

0 

cD 

ft 

0 

40 

0 

CO 

ft 

EH 

ft 

0 

ft 

ft 

CO 

tiD 

ps 

CO 

•H 

0 

0 

ft 

0 

2 

0 

0 

ft 

Pi 

0 

0 

0 

ft 

cD 

ft 

1 — 1 

ft 

•H 

ft 

43 

ft 

ft 

cD 

cD 

ft 

ft 

Pi 

cD 

43 

0 

ft 

CO 

Pi 

0 

0 

0 

CO 

0 

ft 

0 

0 

ft 

ft 

1 

CO 

P5 

S 

0 

CO 

ft 

cD 

03 

0 

0 

ft 

0 

0 

•H 

ft 

ft 

h 

CO 

CO 

ft 

pi 

Ph 

CQ 

cD 

p5 

ft 

bD 

cD 

Pi 

ft 

ft 

>5 

0 

1 — 1 

ft 

0 

Pi 

{H 

cD 

1 — 1 

ft 

0 

ft 

•H 

TO 

0 

1 — 1 

cD 

CO 

Pi 

Pi 

ft 

ft 

ft 

1 — [ 

Pi 

ft 

0 

0 

ft 

ft 

ft 

•H 

cD 

tiO 

ft 

0 

ft 

cD 

0 

Ph 

15 

Pi 

ft 

ft 

[N] 

0 

»f-i 

0 

•H 

o 

0 

•H 

ft 

ft 

Ph 

2 

ft 

♦p-l 

0 

ft 

0 

I3 

0 

pq 

cD 

!> 

•H 

0 

ft 

0 

N 

EH 

ft 

Pi 

ft 

ft 

ft 

CO 

CO 

>5 

0 

cD 

ft 

1 — 1 

o 

a 

Pi 

H 

Pi 

ft 

cD 

1 — 1 

ft 

Pi 

cD 

Ph 

Pi 

Pi 

cD 

•H 

cD 

ft 

0 

cD 

cD 

0 

0 

ft 

Pi 

O 

0 

Ch 

0 

ft 

•H 

0 

CO 

Ph 

•s 

1 — 1 

ft 

p, 

0 

02 

cD 

Pi 

0 

cD 

0 

0 

ft 

ft 

ft 

a 

0 

ft 

cD 

tsl 

> 

Pi 

Pi 

Ph 

•H 

cD 

ft 

ft 

ft 

cD 

0 

0 

ft 

>:> 

0 

ft 

ft 

§ 

ft 

•H 

ft 

cD 

cD 

ft 

CO 

0 

ft 

ft 

ft 

Pi 

P 

Pi 

•H 

0 

0 

ft 

ft 

0 

cD 

0 

CO 

0 

cD 

0 

cD 

ft 

0 

> 

ft 

Pi 

rH 

ft 

•H  H 
Tj  <U 


'S 

> 

3  ft 

H 

p 

p 

0 

ft 

ft 

P 

ft 

cD 

1 — 1 

1 

P 

0 

ft 

02 

0 

p 

g 

e^ 

cD 

'  ^ 

S 

CO 

1 — 1 

•H 

ft 

ft 

cD 

cD 

Ph 

1  P 

Ph 

p 

H 

ft 

0 

0 

0 

CD 

;  ft 

0 

ft 

H 

P 

0 

ft 

•H 

ft 

ft 

P 

•N 

P 

0 

ft 

0 

H 

!  CO 

ft 

H 

CO 

0 

ft 

•H 

ft 

cD 

;  P 

ft 

H 

0 

0 

•H 

P 

P 

ft 

S 

i  0 

0 

p 

0 

ft 

CO 

CO 

d 

H 

bO 

Ph 

•iH 

ft 

p 

ft 

43 

CO 

p 

P 

0 

•H 

0 

0 

ft 

ft 

0 

1 — I 

P 

P 

CO 

> 

ft 

P 

CO 

0 

p 

0 

tiD 

•f-H 

2 

cD 

43 

ft 

•H 

{>^ 

ft 

ft 

p 

0 

ft 

•H 

• 

CO 

ft 

ft 

03 

H 

Ph 

0 

0 

Ph 

CO 

•H 

ft 

ft 

1— j 

ft 

ft 

ft 

1 — i 

0 

0 

0 

1 — 1 

0 

CO 

p 

p 

0 

CO 

P 

CO 

ft 

•H 

1 — 1 

•H 

0 

p 

ft 

r— j 

•H 

•H 

0 

|5 

P 

H  ft 

J — 1 

p 

CO 

P 

CO 

P 

710 


NASTRAN  THERMAL  ANALYZER 


O 


711 


THERMAL  THERMAL  INPUT  FOR  STRUCTURAL  STRUCTURAL 

LOADS  ANALYZER  ANALYSIS  ANALYSIS 


CO 

H 

CO 


Pi 


C 


•N 


p 

1 

p 

r-j 

0 

p 

0 

P 

0 

P 

p{ 

P 

0 

cD 

§ 

O 

1— 1 

CO  p 

p 

p 

O 

0 

a 

0 

•H  p 

p 

P  CD 

0 

P 

P 

CO  O 

CD 

0 

520 

P 

cD 

•H 

-H 

p 

o 

-{- 

?  H 

H  -P 

0 

•H 

CD  O 

CO 

CO 

Pi 

P 

P  P 

?  P 

cD 

1 — 1 

O 

0 

P  0 

CO 

•H 

C 

) 

O 

•H 

P  > 

p 

P 

’  s 

P 

Fh 

P 

P 

p 

520 

r 

o 

P 

0 

15 

0  O 

p 

•H 

CD  CD 

pi 

PI 

CO 

Pi 

CO 

CO 

O 

•H 

CO 

%  ^ 

P  ClO 

o 

0 

p 

P 

P 

1  o 

•n 

Fh 

O 

P 

p 

s:^ 

CD  ^ 

CO 

p 

0 

P 

'  0 

0 

0 

0 

0 

N 

P  P 

P 

O 

CO 

Pi 

•H 

0 

0 

0 

0 

•H 

1 

•H 

P 

-P  g 

P 

CO  0 

r—i 

|5 

Pi 

o 

P 

P 

0 

1 — i 

•rH 

0 

H 

1  p! 

•H 

0 

0 

cd 

^  § 

P 

cD 

;  & 

O 

Pi 

P 

p 

o  p 

P 

1  g 

CO 

•H 

o 

P  520 

0 

cd 

o 

•H 

P 

CO 

•H 

o 

p 

r>3 

o 

P 

cd 

-P 

p  p 

P 

P 

O 

P 

P 

0  p 

p 

0 

p 

H 

Pi 

0 

p 

0 

-S 

o 

cD 

> 

•H  P 

>3 

H 

cD 

U 

0 

>:> 

P 

P  0 

0 

CO 

f> 

O 

Cd  P 

p 

O 

QJJ  g 

> 

•H 

CD 

0 

0  P 

0 

0 

0 

-b 

Pi 

P  P 

0 

P 

p 

P 

CO 

p3 

S 

l>5 

520 

p 

o 

to 

O 

o 

P 

0  0 

p 

•H 

CO 

0 

o 

P  P 

CO 

0 

W 

P 

•H  fn 

p 

p 

0 

bO 

0 

4-^  *r~i 

3 

0 

•H 

p 

cD 

P 

N 

p 

o 

0 

Fh 

fi 

•H 

>5 

^  0 

P 

CO 

•H 

520 

0 

H 

o  p 

p 

w 

P 

P 

0 

o 

P 

H  P 

0 

P 

•H 

P 

CO 

pq 

P 

Ch 

p 

P 

s 

Pi 

0 

cd 

P 

0 

0 

p 

•H 

p 

0 

P  P 

Pi 

pi 

P 

P 

0  ‘H 

p 

0 

o 

o 

PH 

H 

Eh 

0 

0  Is 

0 

P 

H 

p 

• 

O 

0 

0 

•ns 

a 

IP 

•H 

Pi 

P 

O  H 

CO 

,p_i 

H 

P 

•H 

P 

P  0 

bO 

TO 

0 

15 

p 

Pi  P 

d 

a 

P 

CO 

O 

P 

P 

0 

O 

•H 

0 

43 

Pl 

0 

•H 

P  ^ 

P 

0 

Pi 

— s 

CD 

Pi 

H 

P 

p 

H 

P 

•H 

m 

H 

O 

p 

P  EH 

P 

p 

iH 

H 

C\J 

1 — 1 

P 

CO 

g 

■ti 

o 

P 

CO 

0 

0 

P  CO 

3 

CO 

•H 

CO 

• 

p 

> 

0 

CO 

p 

H 

O 

0 

P 

p 

0 

P 

>  0 

p 

CO 

cD 

CO 

O 

0 

520 

P 

P 

o  ^ 

0 

•H 

PI 

Fh 

•H 

P 

Pi  p 

•iH 

0 

■i£ 

P 

0 

- - 

0 

CO 

p 

P 

o 

Pi 

15 

cd 

1 — 1 

p  p 

P 

p 

p 

1 — 1 

0 

CO 

0 

S  o 

•> 

p 

cD 

P 

P 

P 

CO 

CO 

Fh 

0 

PI 

P- 

O 

0  >5 

0 

•H 

0 

P 

cd 

0 

S 

p  0 

P 

0 

CO 

> 

<l| 

•H 

^  p 

EH 

p 

0 

Pi 

•N 

P 

CO 

p 

p 

P 

CO 

•H 

CO 

CO 

> 

•H 

3 

cD 

•H 

0 

P 

•  0 

p 

s 

0 

p 

Fh 

•N 

EH 

p  0 

0 

o 

cD 

p 

0 

S 

CO 

p  p 

P 

cD 

tsi 

0 

P 

p 

p 

p 

H 

?H 

•H 

P 

0 

p 

. 

p  p 

bO 

tiO 

cD 

tiD 

b 

CO 

EH 

0 

•H 

•H 

P 

0 

CD 

Fh 

<1 

{>3  S 

P 

CO 

p 

CO 

P 

0 

P 

PI 

s 

CO 

-p 

p 

0 

•H 

p 

p 

• 

O 

p  43 

P 

P 

CO 

0 

•\ 

CO 

-P 

0  Pi 

P 

P-J 

fn 

O 

•H 

CO 

•H 

O 

g  0 

cd 

P 

P 

0 

p 

p 

CO 

P 

P  P 

p 

b 

CO 

p 

•H 

CD 

l>5 

Pi 

0 

•rH 

P 

CO 

cD 

Pi 

O 

H 

P  0 

P 

p 

p 

H 

cd 

EH 

P  ^ 

SZ! 

o 

•H 

Fh 

PI 

CO 

0  P 

s 

O 

520 

P 

•N 

§ 

CO 

Pi  CO 

0 

?H 

CO 

P 

•H 

O 

CO 

P 

P 

p 

P 

CO 

P! 

0 

P 

• 

CO  0 

CO 

CO 

Sh 

0 

CO 

•H 

o 

CO 

0  p 

0 

0 

a 

p 

0 

1 

0 

p 

0 

p 

p 

0 

• 

p 

PI 

Pi 

0 

p  0 

p 

EH 

O 

Pi 

O 

P 

0 

CO  p 

S 

tiD 

CD 

P 

0 

P 

CO 

CD 

> 

•H 

CO 

CO 

O 

Fh 

P 

Cd 

-P 

h  p 

P  CO 

§ 

0 

•H 

0 

Ch 

p  p 

0 

cD 

P 

CO 

cD 

CO 

0 

s  p 

Q) 


O 

Q) 

P 


§ 


w 

w 

cd 

p 

0 

CZ3 

0 

P 

P 

P 

O 


0 

w 

03 

o 

0 

p 


0 

P 

-p 


CQ 

•H 

W 


§ 


I 


0 

P 

1 

0 

p 

P 

0 

0 

0 

p 

0 

0 

1 — 1 

p 

P 

j> 

P 

p 

0 

p 

P 

P 

to 

p 

P 

0 

P 

s 

CO 

CO 

0 

1:^ 

0 

0 

P 

p 

•s 

p 

0 

bO 

P 

p 

p 

0 

P 

0 

bO 

OJ 

p 

p 

•H 

0 

0 

CM 

ft 

3 

P 

p 

>3 

P 

• 

p 

p 

p 

S 

•H 

P 

0 

bO 

p 

0 

0 

•H 

•H 

p 

1 — 1 

0 

P 

0 

CO 

p 

0 

P 

•H 

0 

0 

P 

P 

•N 

P 

p 

P 

• 

0 

P 

•H 

0 

CO 

P 

P 

0 

>3 

P 

0 

0 

0 

s^ 

P 

EH 

p 

R 

Pi 

P 

P 

p 

0 

P 

0 

P 

0 

0 

bO 

CO 

><l 

H 

•H 

1 — 1 

•H 

p 

0 

0 

P 

P 

P 

> 

•H 

bO 

P 

f>3 

P 

0 

rH 

•H 

P 

bO 

P 

0 

P 

0 

CO 

P 

P 

P 

P 

0 

CO 

•H 

P 

0 

ft 

p 

P 

H 

•N 

P 

0 

•H 

P 

0 

0 

p 

0 

P 

P 

0 

P 

P 

p 

P 

S 

CO 

0 

P 

bO 

ft 

0 

P 

^ 

P 

P 

CO 

P 

•H 

P 

P 

0 

CO 

0 

0 

P 

<1 

0 

P 

0 

CO 

40 

CO 

P 

P 

•H 

!>3 

CO 

< 

P 

0 

B 

p 

p 

0 

p 

0 

P 

0 

& 

p 

p 

p 

1 — 1 

•H 

P 

p 

CO 

p 

!P 

0 

0 

0 

G\ 

rH 

|5 

0 

w 

l>3 

CO 

rH 

0 

0 

P 

0 

ISl 

0 

pel 

0 

p 

0 

•H 

0 

P 

p 

P 

P 

*H 

p 

!>3 

P 

P 

P 

P 

p 

0 

P 

0 

CO 

1— 1 

0 

P 

P 

s 

!5 

0 

bO 

H 

P 

P 

p 

0 

p 

B 

ft 

P 

CO 

H 

0 

P 

X 

1 — 1 

P 

p  p 

P 

0 

>3 

•H 

0 

bO 

rH 

P 

P 

0 

P  -H 

0 

P 

0 

P 

P 

0  CO 

P 

< 

P 

0 

1 — 1 

P 

p  0 

P 

0 

1 — 1 

P 

1 — 1 

•H 

P 

0 

P 

• 

ft 

0 

|5 

P 

P 

P 

P 

P 

P  0 

bO 

0 

§ 

0 

0  p 

P 

•H 

0 

CO 

P 

P 

P 

CO 

■H 

0 

0 

0 

P 

p 

P 

l5 

P  0 

P 

p 

0 

•H 

0 

d 

P 

•H 

P 

& 

^  3 

0 

rH 

P 

P 

P 

CO  p 

P 

% 

0 

P 

P 

0 

bO 

P 

CO 

4-2 

a 

p  a 

P 

3 

•s 

CO 

•H 

•H 

p 

X — V 

p 

0 

0 

P 

0 

0 

0 

P 

P  P 

P 

p 

CM 

CO 

P 

P 

P  CO 

•H 

p 

•H 

•H 

0 

P 

p 

• 

p 

CO 

P 

P 

P 

CO 

P 

P 

P  0 

0 

0 

CO 

CO 

0 

P  p 

0 

>3 

P 

p 

p 

pq 

P 

P 

Is 

p 

•\  'H 

P 

P 

0 

CO 

P 

g 

• 

p  0 

P 

•H 

P 

ro 

ft 

d  ^ 

0 

P 

p 

0 

H 

0 

•H 

bO 

bO 

1 — 1 

CO 

CO  p 

P 

rH 

0 

0 

0 

P 

0  p 

0 

P 

p 

J> 

0 

P  0 

CO 

P 

ft 

ft 

0 

0 

p 

Ph 

Q 

B 

0  -H 

p 

CO 

CO 

p 

CO  CO 

P 

■H 

p 

0  p 

0 

0 

g 

d 

p  0 

p 

P 

C 

EH 

p 

p  0 

0 

P 

m 

p 

CO 

1 — I 

•H 

0 

E-i 

p 

0 

• 

CO 

•  p 

0 

P 

CO 

, 

R 

p 

p 

0 

P 

•3 

p  p 

p 

p 

0 

p 

P  0 

0 

0 

p 

p 

0 

520  1 — 1 

p 

p  ■ 

t 


712 


AUTOMATED  ANALYSIS  AND  DESIGN 


713 


STRUCTURAL  DESIGN  RROCESS  IN  SAVES 


1 

0 

1 — 1 

P 

•H 

ft 

3 

P 

P 

ft 

CO 

P 

0 

CO 

43 

0) 

1 — i 

a 

0 

G 

• 

p 

cd 

3 

“p 

P 

0 

CO 

CO 

p 

ft 

>5 

0 

ft 

•H 

ft 

p 

0 

0 

0 

0 

P 

cd 

•H 

ft 

P 

ft 

o 

1 — 1 

W 

0 

0 

P 

P 

P 

43 

W) 

p 

P 

P 

ft 

CO 

•H 

0 

CD 

•H 

0 

P 

P 

ft 

1 — 1 

ISI 

P 

P 

0 

ft 

CO 

P 

o 

ft 

•H 

CO 

G 

fclO 

ft 

0 

s 

0 

•H 

col 

0 

P 

•H 

43 

ft 

cd 

CO 

0 

X 

P 

CO 

cd 

P 

0 

0) 

rP 

ft 

0 

P 

0 

p 

P 

P 

P 

> 

P 

0 

ft 

CO 

ft 

0 

bD 

P 

1 — 1 

0 

cd 

0 

(U 

4^ 

1 — 1 

0 

0 

ft 

CO 

ft 

P 

P 

p 

cd 

cd 

ft 

ft 

3 

ft 

P 

cd 

0 

G 

EH 

43 

p 

p 

ft 

ft 

0 

1 — 1 

p 

p 

0 

P 

Ph 

p 

CO 

p 

0 

ft 

P 

ft 

a 

0 

a 

• 

0 

43 

0 

0 

P 

ft 

o 

B 

ro 

0 

w 

ft 

P 

ft 

0 

o 

ft 

p 

p 

CO 

0 

15 

CO 

o 

bD 

p 

CO 

ft 

0 

p 

cd 

H 

0 

bD 

cd 

0 

G 

P 

CO 

0 

P 

•H 

B 

ft 

•H 

cd 

a 

0 

P 

> 

ft 

P 

p 

ft 

3 

p 

o 

0 

0 

0 

p 

3 

P 

0 

ft 

>3 

b 

bD 

p 

0 

ft 

P 

p 

ft 

0 

CO 

w 

p 

43 

p 

P 

bD 

P 

1 — 1 

•H 

0 

B 

P 

3 

0 

ft 

P 

0 

CO 

0 

P 

•H 

G 

P 

P 

ft 

0 

P 

•H 

0 

0 

0 

s 

CO 

P 

0 

P 

ft 

B 

>:> 

ft 

0 

p 

ft 

ft 

3 

1 — 1 

{>i 

to 

0 

ft 

P 

p 

d 

cd 

I — I 

P 

15 

ft 

3 

3 

p 

p 

0 

cd 

43 

P 

p 

P 

G 

p 

p 

ft 

P 

ft 

tiD 

0 

ft 

0 

•H 

P 

o 

0 

p 

P 

P 

to 

P 

CiD 

P 

0 

P 

CO 

CO 

p 

p 

P 

P 

P 

P 

0 

0 

P 

ft 

Sh 

p 

•H 

I — 1 

0 

P 

ft 

><1 

0 

3 

43 

o 

1 — 1 

P 

CO 

0 

CO 

to 

•H 

P 

cd 

ft 

B 

0 

CO 

to 

43 

P 

0 

p 

0 

CO 

P 

0 

0 

P 

u 

3 

G 

•H 

ft 

0 

ft 

ft 

to 

• 

s 

0 

cd 

•H 

•H 

P 

t>3 

CO 

p 

to 

P 

•N 

G 

CO 

CO 

0 

•H 

p 

ft 

.. — X 

P 

•H 

P 

p 

p 

p 

P 

0 

ft 

3 

3 

•H 

0 

P 

OJ 

G 

Cy 

G 

P 

rH 

g 

W 

P 

P 

ft 

CO 

0 

0 

•H 

. 

P 

CO 

ft 

0 

3 

G 

P 

p 

CO 

P 

P 

3 

ft 

ft 

ft 

•ri 

0 

0 

CO 

bD 

p 

cd 

ft 

P 

P 

ft 

p 

P 

0 

G 

0 

0 

0 

cd 

p 

•H 

•p 

•H 

ft 

P 

0 

1 — 1 

0 

> 

p 

ft 

3 

bD 

P 

P 

cd 

CO 

cd 

*H 

P 

P 

P 

ft 

ft 

ft 

•H 

0 

B 

0 

CO 

p 

0 

ft 

P 

P 

CO 

P 

CO 

P 

cd 

CO 

0 

P 

cd 

0 

G 

CO 

cd 

0 

0 

0 

P 

P 

ft 

0 

d 

0 

§ 

Ch 

P 

p 

P 

ft 

ft 

P 

CO 

P 

Pi 

P 

0 

CO 

P 

P 

ft 

3 

ft 

P 

•H 

CO 

CO 

p 

cd 

43 

0 

B 

0 

B 

ft 

3 

CO 

G 

CO 

G 

0 

43 

p 

G 

O 

•H 

0 

0 

P 

cd 

CO 

ft 

P 

ud 

fH 

P 

P 

•H 

P 

P 

ft 

G 

P 

ft 

P 

P 

0 

•N 

0 

nd 

}>i 

P 

cd 

CO 

ft 

a 

ft 

0 

G 

G 

0 

0 

P 

P 

3 

G 

rp 

ft 

P 

ft 

P 

1 — i 

3 

p 

P 

P 

P 

0 

P 

P 

1 — 1 

> 

bD 

P 

0 

w 

ft 

0 

ft 

0 

P 

P 

p 

EH 

col 

P 

ft 

0 

P 

P 

0 

0 

P 

ft 

ft 

P 

p 

0 

ft 

. 

P 

P 

43 

• 

1 — 1 

P 

0 

bD 

0 

ft 

CO 

CO 

P 

G 

0 

P 

•H 

b 

0 

CO 

0 

0 

•H 

•H 

P 

p 

>3 

P 

0 

p 

ft 

43 

ft, 

P 

P 

p 

1— i 

3 

1 — 1 

P 

P 

P 

0 

P 

G 

0 

G 

p 

a 

p 

0 

0 

>1 

0 

0 

ft 

p 

p 

0 

ft 

0 

ft 

0 

ft 

•rs 

P 

p 

0 

ft 

§ 

O 

0 

ft 

p 

CO 

p 

B 

o 

P 

ft 

G 

0 

P 

P 

CO 

0 

3 

p 

0 

G 

cd 

ft 

CO 

0 

h 

P 

ft 

P 

ft 

P 

0 

Ph 

0 

0 

CO 

cd 

CO 

ft 

CO 

ft 

1 — 1 

0 

•H 

0 

0 

0 

0 

P 

bD 

to 

CO 

p 

0 

ISI 

« 

P 

P 

cd 

0 

ft 

•iH 

0 

P 

ft 

0 

ft 

ft 

Cl 

CO 

B 

ft 

0 

CO 

p 

a 

•tH 

ft 

0 

0 

0 

P 

ft 

G 

P 

ft 

CO 

• 

0 

P 

3 

I5 

0 

p 

to 

P 

0 

P 

P 

P 

ft 

ft 

3 

0 

p 

p 

CO 

•iH 

• 

p 

CO 

0 

P 

0 

0 

CO 

0 

P 

0 

3 

d 

0 

CO 

0 

CO 

ft 

P 

0 

ft 

•H 

P 

CO 

0 

P 

P 

0 

1 — i 

CO 

ft 

ft 

ft 

0 

0 

1 — 1 

0 

P 

3 

P 

0 

3 

ft 

G 

G 

s 

ft 

P 

ft 

ft 

P 

•H 

0 

•H 

P 

0 

0 

9 

ft 

•H 

ft 

p 

P 

a 

P 

a 

a 

ft 

0 

•H 

3 

P 

0 

9 

P 

> 

P 

P 

ft 

p 

0 

•H 

3 

1 — 1 

0 

0 

ft 

0 

0 

P 

P 

3 

•H 

p 

3 

0 

ft 

ft 

0 

•cH 

ft 

ft 

p 

b 

P 

P 

P 

P 

3 

p 

p 

3 

43 

0 

P 

•H 

P 

0 

0 

0 

P 

P 

0 

p 

0 

•N 

0 

0 

P 

P 

EH 

bD 

P 

0 

0 

P 

0 

3 

P 

bD 

ft 

. 

0 

G 

1 — 1 

P 

CO 

3 

ft 

ft 

P 

3 

ft 

•H 

p 

p 

3 

§ 

P 

P 

ft 

P 

3 

p 

0 

0 

P 

EH 

3 

ft 

0 

3 

CO 

0 

ft 

•H 

<r 

3 

CO 

CO 

P 

0 

P 

Ph 

ft 

3 

» 

ft 

p 

3 

Pj 

ft 

0 

CO 

P 

P 

•s 

3 

a 

0 

P 

0 

CO 

P 

3 

•H 

p 

P 

p 

P 

ft 

p 

p 

3 

ft 

ft 

0 

0 

ft 

ft 

Ph 

ft 

P 

ft 

0 

0 

ft 

ft 

0 

ft 

Ph 

X 

i> 

G 

0 

ft 

EH 

ft 

0 

ft 

•H 

0 

ft 

3 

3 

0 

K 

0 

to 

p 

3 

p 

3 

0 

0 

P 

CO 

P 

a 

3 

ft 

p 

ft 

ft 

P 

0 

0 

G 

p 

Eh 

ft 

P 

0 

G 

to 

ft 

3 

CO 

CO 

X 

ft 

p 

P 

CO 

P 

0 

0 

CO 

3 

P 

a 

C 

CO 

0 

p 

p 

p 

p 

0 

•H 

0 

p 

ft 

0 

3 

3 

0 

G 

CO 

pc; 

0 

p 

ft 

P 

•H 

p£| 

CO 

P 

P 

3 

p 

P 

CO 

3 

CO 

p 

Cy 

3 

•H 

P 

ft 

P 

CO 

ft 

ft 

P 

p 

0 

0 

ft 

a 

CO 

ft 

G 

y 

3 

p 

P 

0 

p 

< 

3 

CO 

p 

0 

P 

1 — 1 

0 

CO 

3 

CO 

p 

bD 

0 

■N 

1 — 1 

G 

P 

•H 

> 

CO 

9 

^ 

0 

P 

•H 

CO 

0 

a 

ft 

0 

CO 

P 

p 

0 

ft 

3 

p 

H 

0 

3 

P 

ft 

p 

d 

p 

P 

CO 

P 

0 

bD 

0 

<c 

•H 

3 

P 

ft 

0 

P 

ft 

H 

0 

CO 

P 

p 

P 

P 

ft 

ft 

•  • 

ft 

CO 

0 

P 

ft 

CO 

p 

0 

*H 

p 

H 

0 

CO 

G 

G 

0 

P 

ft 

ft 

0 

ft 

0 

•H 

bD 

0 

S 

CO 

G 

p 

P 

P 

ft 

ft 

ft 

0 

3 

0 

3 

P 

0 

CO 

0 

ft 

p 

CO 

0 

G 

0 

a 

p 

to 

•H 

3 

ft 

0 

ft 

P 

P 

j — 1 

ft 

CO 

< 

ft 

p 

0 

ft 

0 

P 

CO 

ft 

ft 

bO 

•H 

p 

P 

3 

ft 

•H 

CO 

"cd 

& 

CO 

CO 

CO 

3 

3 

P 

0 

P 

0 

ft 

•H 

0 

CO 

0 

X 

3 

ft 

ft 

p 

ft 

0 

ft 

G 

G 

0 

0 

CO 

CO 

ft 

*rH 

CO 

ft 

1 — 1 

> 

{>5 

CO 

ft 

•H 

3 

•H 

•H 

ft 

P 

3 

P 

ft 

G 

P 

P 

<£; 

3 

•H 

P 

3 

G 

CO 

3 

3 

ft 

' — ^ 

G 

CO 

0 

3 

ft 

G 

bD 

P 

P 

P 

P 

CO 

P 

H 

0 

P 

0 

0 

CO 

p 

3 

[> 

0 

p 

ft 

0 

P 

p 

43 

ft 

G 

ft 

3 

43 

0 

P 

p 

ft 

0 

p 

ft 

ft 

0 

ft 

CO 

ft 

U 

0 

0 

>5 

P 

B 

ft 

0 

bD 

0 

p 

P 

X 

r* 

CO 

ft 

0 

0 

0 

0 

•H 

3 

G 

3 

ft 

P 

ft 

0 

P 

0 

•H 

P 

3 

0 

P 

P 

ft 

P 

bO 

l> 

0 

0 

0 

0 

0 

•H 

0 

0 

ft 

ft 

!> 

P 

CO 

P 

ft 

P 

P 

71k 


into  SAVES.  Futirre  effort  on  SAVES  will  be  directed  at  increasing  the  efficiency  of  existing  modules 
providing  better  integration  of  and  data  transfer  between  the  various  modules,  and  incorporating 
modules  which  currently  are  not  included. 
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FACTORS  AFFECTING  SERVICE  PERFORMANCE 
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intensity.  The  concept  of  crack  tip  stress  intensity  is  illustrated  on  the  next  figure. 
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CRACKS  EMANATING  FROM  HOLE 
IN  INFINITE  PLATE 


DESIRED  STRESS  INTENSITY  SOLUTIONS 
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PRIMARY  LOADING  CONnTTTnMS 


tory  test  data.  Environmental  effeets,  whieh  In  practice  may  vary  within  a  given  loading  cycle 

provide  additional  factors  wnich  most  be  evalnated.  The  NASA  technology  program  attempts  to 

address  such  problems. 
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considerable  scatter  in  the  data,  the  analysis  appears  to  accurately  predict  the  trends  and 
does  not  do  a  bad  job  of  predicting  the  results  for  an  a/2c  ratio  of  0.32. 
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SHUTTLE  MATERIAL  NDT  REQUIREMENTS  AND  CAPABILITIES 
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safe-life  elements  which  cannot  be  proof  tested,  such  procedures  are  essential. 
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BACK  SURFACE  DIMPLING  FOR  DETECTION  OF  SURFACE  OR  EMBEDDED  FLAWS 
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development  programs  are  directed.  Systems  to  monitor  in-flight  conditions  of  critical  elements 
and  the  conditions  during  proof  testing  are  being  developed. 


1.  CURRENT  DETECTION  CAPABILITY  ADEQUATE  FOR  OPEN  FLAWS  IN 
INSPECTABLE  PARTS 
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REMOTE  OPERATION  DURING  PROOF  TEST 


This  final  figure  summarizes  the  technology  situation  with  respect  to  fracture  control 
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